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LABROID INTRARELATIONSHIPS REVISITED:
MORPHOLOGICALCOMPLEXITY, KEY INNOVATIONS,
ANDTHE STUDYOF COMPARATIVEDIVERSITY

MELANIE L. J. STIASSNY and JEFFREY S. JENSEN^

Abstract. The morphological and taxonomic im-

plications of pharyngognathy in acanthomorph fishes

are clarified, and the monophyly of the pharyngog-
nath Labroidei is established. Characters bearing upon
hypotheses of labroid intrarelationships are reviewed
and a single minimum length tree is presented and
discussed. Morphological character transformations

within the Labroidei display a disconcertingly large

amount of homoplasy and, until a single highly cor-

roborated phylogeny is available, statements about

relationships within the suborder must remain ten-

tative.

The predominance of attributes of the pharynx
and pharyngeal jaw apparatus as a major locus for

character data in the diagnosis of the Labroidei is

discussed, and the implications of pharyngeal dom-
inance in systematic analyses are explored. Finally,

we review the concept of the key innovation of la-

broid pharyngeal specialization as a causal explana-

tion for the morphologic and taxonomic diversifica-

tion of the Labroidei.

INTRODUCTION

The Labroidei, as conceived by Kauf-
man and Liem (1982), consists of the fam-
iUes Cichhdae, Embiotocidae, Labridae
and Pomacentridae; together they include

approximately 1,800 species (5-10% of all

living fishes). The many ecological and
evolutionary questions posed by the exis-

tence of species-rich, adaptively multira-

diate, and often narrowly endemic com-
munities of labroid fishes in tropical

marine and freshwater biotopes occupy an
important place in modern evolutionary

studies (Futuyma, 1979; Greenwood, 1984;

Stanley, 1979; Vrba, 1980; White, 1978).

' Museum of Comparative Zoology, Harvard Uni-
versity, Cambridge, Massachusetts 02138.

Systematists, ecologists, ethologists, genet-

icists, functional and evolutionary mor-
phologists alike have probably focused on
this group more than on any other neo-
teleostean clade. Within the last decade
alone numerous publications have ap-
peared dealing with questions of labroid

development (Aerts, 1982; Claeys and
Aerts, 1984; Morris and Gaudin, 1982),

functional morphology (e.g., Dullemeijer,

1980; Dullemeijer and Barel, 1977; Go-
balet, 1980; Liem, 1980, 1986; Liem and
Sanderson, 1986; Strauss, 1984; Yamaoka,
1978, 1980), intrarelationships (e.g., Kauf-
man and Liem, 1982; Liem and Green-
wood, 1981; Morris, 1982; Rosen, personal

communication; Stiassny, 1980), ethology

(e.g.. Barlow and Munsey, 1976; Brett,

1979); and ecology (Hixon, 1980; Laur and
Ebeling, 1983; Schmitt and Coyer, 1982;

Witte, 1984).

Interest has also centered on the evo-

lutionary dynamics of these fishes. To be
open to scientific discussion and evalua-

tion, however, hypotheses concerning the

operation of evolutionary processes such
as modes and rates of speciation, the ac-

quisition and role of evolutionary novel-

ties, and niche-space utilization need a

corroborated and precise theory of phy-
logenetic interrelationships (Eldredge and
Cracraft, 1980; Lauder, 1981, 1982a; Nel-

son and Platnick, 1981; Wiley, 1981). The
concept of a coherent labroid assemblage
has only recently emerged (e.g., Kaufman
and Liem, 1982; Liem and Greenwood,
1981), and we are still far from a consen-
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sus regarding the intrarelationships of this

important clade.

Since the famihes comprising the La-

broidei were originally united as the

Acanthopterygii Pharyngognathy in the

predarwinian classification of Miiller

(1843), attributes of the pharynx and pha-

ryngeal jaw apparatus have played a sin-

gularly important role in labroid system-

atics. Our study further establishes the

predominance of the pharyngeal jaw ap-

paratus as the major locus for character

data in the systematic diagnosis of the La-

broidei and explores its possible implica-

tions in systematic analyses.

Recent research suggests that features

of the pharynx, and in particular the la-

broid pharynx, have important evolution-

ary consequences not only for systematic

studies, but for the diversification of the

clade as well (e.g., Liem, 1973, 1980; Liem
and Sanderson, 1986). It has long been
speculated that intrinsic features of design

can play a major role in evolution (Lau-

der, 1982b; Russell, 1982), and the key
innovation of labroid pharyngeal special-

ization is a much cited explanatory case.

We review the concept of the key inno-

vation as a causal explanation for the mor-
phological and taxonomic diversification

of the Labroidei.

MATERIALS

Specimens were dissected under a Wild
M-7 stereomicroscope, and drawings made
with the aid of a camera lucida attach-

ment. Osteological specimens were cleared

and double stained following the proce-

dure of Dingerkus and Uhler (1977). A
complete list of materials including cata-

logue numbers is available from the senior

author on request. Nomenclature of the

muscles follows that of Winterbottom
(1974) and Anker (1978). Topographical
and skeletal nomenclature is based upon
that of Nelson (1969), Rosen (1973) and
Barel et al. (1976).

The following specimens were studied.

Abbreviations in parentheses following

species names refer to condition of speci-

mens examined: c.s. (=cleared and double
stained) skel. (=skeleton) and ale. (=alco-

hol preserved).

Labroidei

Cichlidae: Acaronia nassa (c.s., ale),

" Aequidens" coeruleopunctatus (c.s., ale),

"Ag." potaroensis (ale), Astatotilapia
bloyeti (c.s., ale), Astronotus ocellatus

(skel.), Cichla ocellaris (c.s., ale), Cichla-

soma bimaculatiim (c.s., ale), C. (Heros)

severum (c.s.), Crenicichla alta (c.s., ale),

Ctenochromis horii (c.s., ale), Etroplus
suratensis (c.s., ale), Geophagiis surina-

mensis (c.s., ale), Hemichromis bimacu-
latus (c.s., ale), Oreochromis mossambi-
cus (c.s., ale), Orthochromis malagarensis
(c.s.), Paratilapia polleni (c.s., ale), Pel-

matochromis biiettikoferi (c.s.), Saro-
therodon galilaeiis (c.s., ale), Tylochro-
mis jentinki (c.s., ale)

Labridae: Bodianus diplotaenia (ale),

B. rufus (c.s.), Coris julis (ale), Crenila-

brus melops (c.s., ale), Halichoeres poeyi
(c.s.), Labrichthys unilineatiis (c.s., ale),

Labroides dimidiatus (c.s., ale), Labrns
bergylta (c.s., ale), Lachnolaimus max-
imus (skel.), Pseudojulis notospilus (c.s.),

Scarus sp. (c.s.), Sparisoma spp. (c.s.),

Symphodus rostratus (c.s.), Tautoga oni-

tis (skel.), Tautogolabrus adspersus (c.s.,

ale), Thalassoma bifasciatum (c.s.)

Embiotocidae: Cymatogaster aggre-
gata (c.s., ale), Damalichthys vacca (c.s.,

ale), Ditrema temmincki (c.s., ale), Em-
biotoca lateralis (c.s., ale), Hyperproso-
pon argenteum (c.s.), Hysterocarpus tras-

ki (c.s.), Micrometrus minimus (c.s.),

Neoditrema ransonnetti (c.s.), Phanero-
don fiircatus (c.s., ale), Zalembius rosa-

ceiis (c.s.)

Pomacentridae: Abudefduf troschelli

(c.s., ale), A. saxatilis (c.s., ale), Amphi-
prion allardi (c.s., ale), Chromis atrilo-

bata (c.s., ale), C. cyaneus (c.s., ale), Das-
cyllus albisella (ale), Eupomacentrus
planifer (c.s.), Microspathodon chrysurus

(ale), Neopomacentrus sindensis (c.s.,

ale), Nexilaris tauriis (ale), Pomacentrus
otophorus (c.s., ale), F. moluccensis (c.s.,
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ale), Pristotis jerdoni (c.s.), Stegastes

acapulcoensis (c.s., ale), S. fuscus (c.s.,

ale.)

Percomorph Outgroups

"Basal" Percoids

Centrarchidae: Centrarchus macrop-
terus (c.s.), Lepomis macrochirus (c.s.,

ale), Micropterns dolomieui (c.s., ale), M.
salmoides (ale), Pomoxis sp. (c.s.)

Centropomidae: Centropomus pecti-

natiis (c.s., ale), Lates niloticus (c.s.)

Lutjanidae: Liitjanus blackfordi (skel.),

Lutjanus synagris (c.s., ale), Rhombo-
plites aurorubens (skel.)

Percidae: Perca flavescens (c.s., ale),

Etheostoma olmstedi (c.s., ale)

Perchichthyidae: Morone americana
(c.s.), M. saxatilis (c.s., ale), Perchichthys
trucha (c.s., ale)

Serranidae: Diplectrum radiate (ale),

Epinephelus striatus (ale), Serranus ca-

brilla (c.s., ale), S. fasciatiis (c.s., ale), S.

hepatus (c.s., ale), Synagrops bellus (c.s.,

ale)

Percoid Taxa "Close" to the Labroldei

Gerreidae: Eucinostomus gula (c.s.,

ale), Gerres cinereus (ale), G. filamen-
tosus (c.s.), G. poieti (c.s.)

Haemulonidae: Anisotremus virgini-

cus (skel.), Anisotremus sp. (c.s.), Hae-
mulon album (ale), H. flavolineatum (c.s.,

ale), Pomadasys crocro (c.s., ale)

Kyphosidae: Kyphosus spp. (c.s., ale)

Lethrinidae: Lethrinus spp. (c.s., ale)

Sparidae: Boops boops (c.s., ale), Cren-
idens crenidens (c.s.), Diplodus vulgaris

(c.s., ale), Pagellus erythrinus (c.s., ale)

Scorpididae: Scorpis chilensis (ale),

Scorpis sp. (c.s., ale)

Additional Percoid Outgroups

Apogonidae: Apogon maculatus (c.s.),

Cheilodipterus macrodon (c.s.)

Bramidae: Brama dussumieri (c.s.)

Carangidae: Caranx crysos (c.s.), De-
capterus macarellus (c.s., ale) Trachino-
tus sp. (skel.)

Cepolidae: Cepola rubescens (c.s., ale)

Chaetodontidae: Chaetodon spp. (skel.)

Pomacanthidae: Pomacanthus paru
(skel.)

Cirrhitidae: Cirrhitichthys maculatus
(skel.)

Girellidae: Girella albostriata (c.s., ale)

Leiognathidae: Leiognathus klunzin-

geri (c.s., ale), Leiognathus sp. (c.s.)

Mastacembelidae: Mastacembelus
brachyrhinus (c.s.)

Mullidae: MuUoidichthys martinicus
(c.s.), Upneus maculatus (c.s., ale)

Mugilidae: Agonostomus monticola
(c.s., ale), Mugil curema (c.s., ale)

Pempheridae: Pempheris sp. (c.s.)

Pomatomidae: Pomatomus saltatrix

(c.s., ale)

Sciaenidae: Pogonias cromis (c.s., ale),

Menticirrhus americanus (c.s.), Otolithes

ruber (c.s., ale), Pseudosciaena axillaris

(c.s.)

Anabantoidei

Anabantidae: Anabas testudineus (c.s.,

ale), Ctenopoma multispinis (c.s., ale),

Sandelia capensis (c.s.)

Belontiidae: Be?fa pugnax (c.s., ale)

Blennioidei

Blenniidae: Blennius gattorgine (skel.)

Pholidae: Aplodichthys flavidus (skel.)

Gobioidei

Eleotrididae: Gobiomorus dormitor
(c.s., ale)

Gobiidae: Bathygobius soporator (skel.,

c.s.), Gillichthys mirabilis (skel.) Gobius
niger (skel.)

Acanthuroidei

Acanthuridae: Acanthus chirurgus

(skel.), A. triostegus (skel.)

Siganidae: Siganus sp. (c.s.)

Balistoidei

Balistidae: Balistes sp. (skel.), Mel-
ichthys ringens (skel.)
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Tetraodontidae: Tetradon sp. (skel.)

Diodontidae: Diodon hystrix (skel.)

Cyprinodontoidei

Cyprinodontidae: Orestias cuvieri (c.s.),

O. ispi (c.s.)

Fundulidae: Fundulus diaphanus (c.s.,

ale.)

Atherinidae: Atherinops sp. (c.s.),

Menidia menidia (c.s., ale.)

Exocoetoidei

Exocoetidae: Exocoetus obtusirostris

(ale), E. volitans (ale.), Cypselurus cy-

anopterus (skel.), Parexocoetus brachyp-

terus (c.s., ale.)

Hemiramphidae: Euleptorhamphus
velox (ale.), Hemiramphus balao (ale), H.

brasiliensis (skel.), Hemiramphus sp.

(skel.), Hem,irhamphodon sp. (ale.), Oxy-
porham,phus micropterus similis (ale),

Hyporhamphus sajori (ale.)

Belonidae: Ablennes hians (ale), Bel-

one belone (ale), Belone sp. (skel.), Pla-

tybelone argalus (ale), Strongylura ti-

m.ucu (ale), Tylosurus acus acus (ale), T.

crocodilus (ale)

Scomberesocidae: Scomberesox sauriis

(ale), Scomberesox sp. (c.s., ale), Nanich-
thys simulans (ale.)

METHODS
The size and intrafamilial diversity of

labroid lineages, in combination with a

lack of precise knowledge of intralineal

relationships, makes selection of appro-

priate representatives problematical. For
this reason, after an initial anatomical re-

view within each major clade, we at-

tempted to select a single taxon to repre-

sent the plesiomorphic familial condition

for each of the characters or character

complexes under investigation. Clearly it

is not always the same taxon that bears

the plesiomorphous state for each char-

acter under consideration (see also Stiass-

ny, 1986). In addition to the data derived
from the present review, a suite of char-

acters relevant to the resolution of labroid

monophyly and intrarelationships was
compiled from a comprehensive literature

survey. For characters that have previ-

ously appeared in the literature we offer

a reassessment of their value as indicators

of phylogenetie relationship along with a

citation of pertinent literature. Although
all of the characters cited in previous anal-

yses, as well as those novel to this study,

are considered in the Character Survey
section, we have been selective in those

that we entered into the final analysis of

labroid intrarelationships. Typically, a

character was excluded from analysis for

one of the following reasons:

1) Wedisagree with previous homology
assessments; 2) The character distribution

is highly variable and/or uninformative;

3) In one case, the distribution among out-

groups is so variable as to render polarity

determination highly problematical. Al-

though several characters are excluded
from our analysis, we include a discussion

of these characters and make explicit our

rationale for exclusion in each case. For
ease of critical review we have included

our data matrix in Appendix 1.

Throughout the study character polar-

ity was assessed by the Outgroup Method
(Maddison et al, 1984; Stevens, 1980;

Watrous and Wheeler, 1981). In the ab-

sence of a well worked-out scheme of la-

broid interrelationships, selection of ap-

propriate outgroup taxa poses a problem.

In view of the importance of outgroup des-

ignation in an analysis of this kind we have
attempted to mitigate the situation by re-

viewing a wide range of percomorph taxa

and selecting two groups of outgroup taxa

for particular attention. The first group
included representatives of some of the

families thought to be "primitive" or "bas-

al" perciforms (Gosline, 1966; Johnson,

1980, 1984; Regan, 1913; Stiassny, 1981).

The second group included representa-

tives of those families that have been sug-

gested by previous authors to be "close"

to the Labroidei. This group included

members of the Sparidae and Gerreidae

(Stiassny, 1980, 1981), Kyphosidae (Tarp,
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1952), Scorpididae (Morris, 1982), Hae-
muionidae and Lethrinidae (Rosen, per-

sonal communication). In addition, we ex-

amined a further range of percomorph taxa

including a number of other pharyngog-
nathous acanthomorphs. Where possible,

outgroup families are represented by the

most morphologically generalized of their

genera available to us.

A minimum length tree for the includ-

ed data was derived using the branch and
bound algorithm of PAUP version 2.4

(Phylogenetic Analysis Using Parsimony,

Swofford, 1985) with Farris (1972) opti-

mization. The tree was rooted by desig-

nating a hypothetical taxon representing

an outgroup possessing the presumed
primitive state for all characters included.

All characters were coded as two state

characters (see Appendix 1) of equal

weight. In addition to computing the

shortest tree, alternative topologies, of

which 14 are possible, were also explored

using PAUP (Swofford, 1985) and Mc-
Clade version 1.0 (Maddison, 1986). For
the purposes of our analysis we assumed
familial monophyly for each of the com-
ponent labroid families (Kaufman and
Liem, 1982; Stiassny, 1980), and made no
concerted effort to consistently sample the

range of potential autapomorphies avail-

able for analysis. However, where a novel

autapomorphy was identified we noted its

presence and justified our assessment of its

status. As the monophyly of the four ma-
jor labroid lineages has been established

previously (e.g., Kaufman and Liem,
1982), characters autapomorphic for the

component taxa were not included in the

intra-subordinal analysis.

LABROID MONOPHYLYANDTHE
CONCEPTOF PHARYNGOGNATHY

Despite a considerable amount of re-

cent attention there remains much con-

fusion about the morphological and taxo-

nomic implications of what has been
termed pharyngognathy in acanthomorph
fishes (Kaufman and Liem, 1982; Liem
and Greenwood, 1981; Morris, 1982; Ro-

sen, personal communication). A clarifi-

cation of the concept, in particular as it

has been applied to labroids, provides a

helpful introduction to our investigation

of labroid monophyly and intrarelation-

ships.

The complex series of modifications of

the pharyngeal jaw apparatus (PJA) re-

sulting in the emergence of the mobile
upper and lower pharyngeal jaws of eu-

teleostean fishes has been well documented
(Lauder, 1983; Nelson, 1967b, 1969; Ro-

sen, 1973). Once that euteleostean level of

organization was attained, the basic com-
ponents were then available for subse-

quent modification along an impressive ar-

ray of difference lines. Within the

Acanthomorpha, perhaps in reflection of

the high degree of pharyngeal modifica-

tion exhibited by that clade, characteristics

of the PJA have played an increasingly

central role in attempts to elucidate phy-

logenetic interrelationships (e.g., Rosen,

1973, 1985; Rosen and Parenti, 1981).

Pharyngognathy, as originally con-

ceived, is the possession of united fifth cer-

atobranchials. Gunther (1880), following

Miiller (1843), used pharyngeal morphol-
ogy to characterize the order Acanthop-
terygii Pharyngognathii which he defined

in part by the shared possession of "lower

pharyngeal bones coalesced into a single

unit." Numerous authors have questioned

Gunther's interpretation of phyletic integ-

rity, which included in the group poma-
centrids, labrids, embiotocids, and cichlids

(=chromides of Gunther, 1880), and many
have proposed alternative classifications for

these taxa (e.g.. Berg, 1940; Bertin and
Arambourg, 1958; Greenwood et al., 1966;

Jordan, 1905; Norman, 1966; Regan, 1913).

More recently, however, in a series of

papers using a range of different ap-

proaches, Liem and his coworkers address

the problems of pharyngognathy, labroid

monophyly and interrelationships (Kauf-

man and Liem, 1982; Lauder and Liem,
1983; Liem, 1973, 1986; Liem and Green-
wood, 1981; Liem and Osse, 1975; Liem
and Sanderson, 1986). One result of this
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work is the growing consensus that Miil-

ler's original grouping has phyletic integ-

rity, a notion formahzed by Kaufman and
Liem (1982) with the assembly of these

taxa into the Suborder Labroidei.

The Labroidei of Kaufman and Liem
(1982) is defined on the basis of three pha-

ryngeal characters: 1) Junction or fusion

of the two fifth ceratobranchial bones into

a single unit; 2) Diarthrosis (bone to bone
contact) between upper pharyngeal jaws

and the basicranium; 3) Presence of the

sphincter oesophagi muscle as a continu-

ous sheet, with no dorsal subdivision.

A review of these and other pharyngeal

features enables us to refine the concept

of labroid monophyly, and the use of the

term pharyngognathy in morphological

studies. Throughout this section summary
statements of characters assessed to be syn-

apomorphic for the Labroidei are itali-

cized.

Among acanthomorphs there exists an

array of diverse lineages each with rep-

resentatives in which the pharyngeal jaws

are hypertrophied (relative to non-phar-

yngognathous members of their respec-

tive clades), and the fifth ceratobranchials

comprising the LPJ are united into a sin-

gle functional unit. In addition to the la-

broids, Liem and Greenwood (1981) and
Kaufman and Liem (1982) cited members
of the Anabantidae (Figs. IE, F), Ky-
phosidae, Pomadasyidae, Centrarchidae,

Carangidae, Sciaenidae (Fig. lA) and Cy-
prinodontoidei (see also Parenti, 1984) as

bearing fused or otherwise joined lower

pharyngeal jaws. Actually this list should

be extended to include (some but not all)

members of the Gerreidae (Fig. IC),

Leiognathidae (Fig. ID), Sparidae and
Haemulonidae (Rosen, ms), Pholidich-

thyidae (Springer and Freihofer, 1976),

Lutjanidae (Johnson, 1980) and members
of the Beloniformes- (Figs. 2B, C).

Comparison of the pharyngeal jaws in

a range of percomorph taxa illustrates that

the nature of the LPJ union differs mark-
edly within the assemblage. In the major-

ity of percoids with a hypertrophied phar-

ynx the LPJ is formed by the close

apposition of the two fifth ceratobranchi-

als. The union is mediated by a simple

straight suture reinforced ventrally by a

concentration of connective tissue. This is

also the case in the anabantoids examined
(Figs. IE, F). In pharyngognath gerreids

(Fig. IC) and sciaenids (Fig. lA), as well

as in virtually all cichlids (the single ex-

ception being the autapomorphic condi-

tion in Cichla, discussed by Stiassny, 1982
and in press), the suture is convoluted cau-

dally and the contralateral elements inter-

digitate (e.g., Fig. 3B). Among cyprino-

donts both the straight suture and the

interdigitating type are expressed (see fig-

ures in Rosen, 1964; Rosen and Parenti,

1981). Finally, in the non-cichlid labroids

(Figs. 3A, C, D), as well as in exocoetoid

beloniforms (Figs. 2B, C), there is a com-
plete fusion of the two LPJ elements and
no trace of a central sutural union is evi-

dent. The phylogenetic implications of

these different modes of union within the

Acanthomorpha is unclear, although in the

Labroidei the condition of complete fu-

sion is interpreted as a synapomorphy of

labrids, pomacentrids and embiotocids

(page 288).

In view of the mosaic distribution of

this character, the presence of coalesced

lower pharyngeal jaws as a defining char-

acter of labroids is, by itself, rather weak
(but see page 286 for further discussion).

Indeed the "tendency" towards the

expression of pharyngognathy (co-occur-

ing with hypertrophy of the PJA) would
appear to be extremely widespread

^ Due to a lack of material available for exami-

nation, we have not included members of the family

Adrianichthyidae in our analysis. Details of pharyn-

geal morphology of these fishes are few, but some

data are presented in Rosen (1964) and Rosen and
Parenti (1981). The adrianichthyoids are notable

among beloniforms in lacking a united and medially

fused LPJ. Throughout this paper we adopted Rosen

and Parentis (1981) classification of the Beloniformes

(Fig. 7; see also Collette et ai, 1984).
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Figure 1. Lower pharyngeal jaw in ventral view. A. Pogonias; B. Menticirrhus; C. Genes; D. Leiognathus; E. Anabas; F.

Sandelia.

Abbreviations for this and the following figures are listed at the end of the text under Appendix 2.
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among percomorphs, as well as in Rosen
and Parenti's (1981) division II of the Ath-

erinomorpha.

One feature of the LPJ appears to be
unique (among perciforms) to the labroids

and as such strengthens the claim of la-

broid monophyly. In all labroid taxa the

LPJ bears a well-developed median keel

on the ventral face of the bone (Fig. 3A-
D). This blade-like keel serves as an at-

tachment site for a part (or all, in some
labrids and cichlids) of the transversus

ventralis muscle (Fig. 4). Primitively

among acanthomorphs the transversus

ventralis is bipartite (TV V and IV), the

second of these muscles (IV) passes from
the fourth ceratobranchial of one side to

insert on the contralateral element, thus

entirely bypassing the fifth ceratobranchi-

als (e.g.. Fig. 4A). Although in a few other

so-called higher percoid lineages the

transversus ventralis is reduced to a single

muscle (IV), in these taxa it passes be-

tween fourth ceratobranchials and has no
insertion onto the LPJ keel. The presence

of a blade-like keel on the LPJ and the

presumably correlated shift in insertion

of part (or all) of the transversus ventralis

onto that keel constitutes a synapomor-
phy of the Labroidei.

In exocoetoid beloniforms a remarkably
similar arrangement of pharyngeal keel

and transversus ventralis insertion is pres-

ent.

Primitively among perciforms the
transversus dorsalis anterior muscle is bi-

partite and, following the nomenclature
of Anker (1978), the two components are

designated the m. cranio-pharyngobran-
chialis 2 and the m. transversus epibran-

chialis 2 (e.g.. Figs. 5C, D). Within the

Labroidei the percomorph muscle config-

uration has undergone a partial reduction

and the pomacentrids, embiotocids and
labrids are characterized by the lack of
the anterior muscle component, i.e., the

m. cranio-pharyngobranchialis 2 (see

Stiassny, 1980 figs. 22, 23, 24; Kaufman
and Liem, 1982 fig. 2). A well-developed

m. cranio-pharyngobranchialis 2 is pres-

ent in all cichlid taxa (e.g.. Fig. 6E). An
elaboration of the percomorph configu-

ration of the transversus dorsalis is also ev-

ident among labroids and in cichlids (Fig.

6E), pomacentrids and labrids (Kaufman
and Liem, 1982; Stiassny, 1980) a third

division of the muscle is developed (the

m. transversus pharyngobranchialis 2; Fig.

6E). Uniquely among acanthomorphs, the

embiotocid transversus dorsalis anterior

muscle complex is represented by a single

component (the m. transversus epibran-

chialis 2). The embiotocid condition could
have been derived by a reduction from
the primitive bipartite percomorph con-

dition or it could represent a reduction

from the tripartite state of the remaining
Labroidei. Although not strictly the most
parsimonious interpretation, Stiassny

(1980) adopted the second alternative. She
regarded the presence of a m. transversus

pharyngobranchialis 2 muscle division to

be synapomorphic for labroids and inter-

preted the absence of the division in em-
biotocids as a secondary loss reflecting an
extension of the reductive trend already

noted in the loss of the cranio-pharyngo-

branchialis 2 of embiotocids, labrids and
pomacentrids. Following the same reason-

ing, and with due reservation, we concur
with Stiassny (1980) in her interpretation

and assess the presence of a m. transver-

sus pharyngobranchialis 2 division of the

transversus dorsalis anterior muscle to be

a synapomorphy of the Labroidei (sec-

ondarily reduced in the Embiotocidae).

However, the alternative interpretation of

a cichlid/labrid/pomacentrid alignment
based upon transversus elaboration is

clearly posed.

According to Liem and Greenwood
(1981) the Cichlidae are characterized by
an additional subdivision of the m. trans-

versus epibranchialis 2 (see Anker, 1978),

resulting in a quadripartite transversus

anterior muscle. The Labridae also bears

a quadripartite transversus dorsalis ante-

rior complex, but in these fishes the ad-

ditional muscle part is a m. transversus

epibranchialis (Stiassny, 1980). Reduction
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Figure 3. Lower pharyngeal jaw in lateral and ventral view. A. Embiotoca; B. Astatotilapia; C. Labrus; D. Pomacentrus.
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M.C-P2

M.T-E2

ADS

NCAP

Figure 5. Aspects of the percoid pharyngeal jaw apparatus. A. Morone neurocranium (lateral view); B. Diplodus neurocranium
(lateral view); C. Morone Isolated PJA (dorsal view); D. Diplodus isolated PJA (dorsal view); E. Morone postorbital region of the

neurocranium (ventral view); F. Diplodus pharyngeal apophysis (ventral view).

of the transversus dorsalis anterior to a sin-

gle component —the m. transversus epi-

branchiaUs 2—is a synapomorphic feature

of embiotocids.

Kaufman and Liem's (1982) second
character, the presence in labroids of a

true diarthrosis between upper pharyn-
geal jaws and the basicranium has been
discussed by Stiassny (1980, 1982), how-

ever some additional clarification is help-

ful here.

In labroids the transversus dorsalis an-
terior and the transversus dorsalis pos-

terior muscles do not completely overlie

the raised articular facets borne on the

third pharyngobranchials of the upper
pharyngeal jaws (UP J), and these bony
facets are exposed (e.g.. Fig. 6E; see also
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M.T-P2 M.C-P2
NCAP

NCAP

Figure 6. Aspects of the labroid pharyngeal jaw apparatus. A. Tylochromis neurocranium (lateral view); B. Labrus neurocranium

F^^^rMn''r'lT*'f \ P T?''!"®'''"''.^"'''"'
*'^*^''^' '''^''^' °- ^o'^acenfrus neurocranium (lateral view); E. Tylochromis isolatedPJA (dorsal view); F, Tylochromis pharyngeal apophysis (ventral view).
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figures in Kaufman and Liem, 1982; Liem
and Greenwood, 1981). On the skull base

the LPJ facets are opposed by a raised

neurocranial apophysis (Figs. 6A-D; see

also Greenwood, 1978). This is not the case

in "lower percoids" (e.g., Serraniis Stiass-

ny, 1982; Morone, Fig. 5C) where the en-

tire dorsal face of the UPJ is covered by
muscle and the skull base bears no artic-

ulatory or apophyseal structure (Fig. 5E).

In pharyngognath members of the Ger-

reidae, Leiognathidae, Sciaenidae, Spari-

dae (e.g., Figs. 5B, D, F), and Girellidae

a quite different situation pertains. In these

taxa the transversus dorsalis anterior mus-
cle complex is hypertrophied, and the

cranio-pharyngobranchialis 2 forms a

muscular "cushion" over the UPJ; the me-
dian connective tissue raphe, which is

merely a longitudinal septum in Morone
(Fig. 5C), is hypertrophied forming a sub-

stantial fibrous pad that overlies the mus-
cle and is sculptured to fit closely into a

grooved apophysis borne on the skull base

(Figs. 5D, F). Although there is consider-

able variation in the form of the corre-

sponding neurocranial apophyses, ranging

from the strongly indented cup-like para-

sphenoid structure of Pogonias to the ven-

tral thickening and reinforcement of the

paraphenoid in Diplodiis (Fig. 5F), in

none of these taxa does the apophysis have
the same morphology as that of labroids.

Based on these observations we consider

the form of the labroid neurocranial

apophysis highly characteristic of that

clade. In labroids the articular surface is

borne on a ventrally projecting apophysis

formed in most cases by the parasphenoid
and supported dorsally by the ventral

margin of the prootic of each side. In some
cichlids and embiotocids the basioccipitals

also contribute to the articular surface of

the apophysis (see Greenwood, 1978; Mor-
ris, 1982). In lateral view the apophysis of

labroid fishes can clearly be seen as a

rounded ventral projection (NC.AP in

Figs. 6A-D). Greenwood (1978: 301) not-

ed that the apophysis of certain labrids is

structurally very similar to that of certain

cichlids, but concluded that ".
. . the gross

morphology is quite unlike that in the

cichlids." While we agree that the labrid

apophysis is highly characteristic of that

clade (see e.g., figs, in Rognes, 1973) we
disagree that it is "quite unlike" that of

other labroids. Thus, although a neuro-

cranial apophysis of some form is com-
monly developed in other pharyngognath
acanthomorphs, in no case is the apoph-
ysis developed in the same way or to the

same extent as that described and illus-

trated here for the labroids. We propose

that, in addition to sharing the synapo-

morphy of the presence of a true diar-

throsis (bone to bone contact) between the

neurocranial base and the third pharyn-
gobranchials, the labroids are further
characterized by the synapomorphic pres-

ence of a ventrally projecting rounded
form of the neurocranial apophysis.

An interesting parallel is also found
among beloniform fishes. In exocoetids

(Exocoetidae and Hemiramphidae) a well-

developed neurocranial apophysis (but

formed entirely by the basioccipital bone)

articulates with exposed dorsal facets on
the third pharyngobranchials (Fig. 2A).

The exposure of the third pharyngobran-
chials is brought about by a modification

of the anterior portion of the transversus

dorsalis posterior muscle into a thin con-

nective tissue sheet (Fig. 2E). Contrasted

with this is the condition of the complex
in scomberesocids (Belonidae and Scom-
beresocidae) where, although a well-de-

veloped basioccipital apophysis is present

on the neurocranium, articulation with the

pharyngobranchial facets is interrupted by
a thickened region of connective tissue of

the transversus dorsalis muscle, as well as

by the muscle itself (Fig. 2D).

The sphincter oesophagi muscle is sub-

divided in all of the nonlabroid perco-

morph taxa examined during the course

of this investigation, and the lack of the

subdivision is confirmed as being a syn-

apomorphy of the Labroidei (Stiassny,

1980). The dorsal division of the sphincter

oesophagi is greatly reduced (scombere-



Labroid Intrarelationships • Stiassny and Jensen 283

N
(^^\^

o^'
-V^^ S^'

.^^

SCOMBERESOCOIDEAEXOCOETOIDEA

ADRIANICHTHYOIDEl EXOCOETOIDEI

BELONIFORMES

Figure 7. Cladogram of beloniform relationships, modified after Collette et al., 1984. The numbers in parentheses after family

names indicate number of included species.

socid), or entirely absent (exocoetid) in

beloniforms. Before summarizing the

principal components of this specialized

labroid pharynx it is necessary to consider

one further feature of the PJA.
Liem (1973) first drew attention to a

fundamental difference in the muscular
linkage between LPJ and neurocranium
in cichlids as compared to other taxa (see

also Liem, 1986). As part of the morpho-

logical basis for the adaptive radiation

within the Cichlidae, Liem (1973) iden-

tified a functionally strategic shift in the

insertion of the fourth levator externus

muscle (le4) from the fourth epibranchial

bone to the LPJ. A similar shift in levator

insertion has since been found in labrids

(including scarids and odacids) and em-
biotocids (Liem and Greenwood, 1981;

Liem and Osse, 1975; Stiassny, 1980), and
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the presence of this muscle sUng has been
thought to be central to the functional in-

novation of these taxa as well as being

synapomorphic for the three families

(Kaufman and Liem, 1982; Liem and
Greenwood, 1981). The pomacentrids
were thought either to entirely lack the

le4/LPJ linkage (Liem and Greenwood,
1981) or possess a muscular sling in "its

most primitive and incomplete configu-

ration" (Liem, 1986: 311; see also Kauf-
man and Liem, 1982).

Our observations of the muscle sling in

the Pomacentridae reveal a considerable

amount of variation within that clade. In

some taxa (e.g., Neopomacentrus,
Chromis and Amphiprion; Fig. 8C) the

configuration is much like that of other

non-labroid percomorphs (e.g., Fig. 8A).

While in others (e.g., Stegastes, Dascijl-

lus, Pomacentrus and Abudefduf; Fig. 8B)

the fibres of le4 are continuous, although

interrupted by a fine myosept (see also

Liem, 1986; Fig. 4 for the presence of a

similar myosept in Embiotoca), with those

of a division of the obliquus posterior. In

those taxa in which the muscle sling is

particularly well-developed (e.g., Abudef-
duf and Stegastes) the compound le4/ob-

liquus posterior can be easily dissected free

of the fourth epibranchial revealing a

continuous connection between the neu-

rocranium and LPJ, i.e., a true muscle
sling.

From gross anatomical dissection it is

not possible to determine exactly which
components of the obliquus posterior

muscle are incorporated into the com-
pound muscle sling, and we have not un-

dertaken an analysis of the ontogenetic

transformations resulting in the com-
pound muscle of pomacentrids. In view of

this, the question of the homology of the

resultant system with that of cichlids

(Aerts, 1982; Claeys and Aerts, 1984), la-

brids and embiotocids (Liem, 1986; Liem
and Sanderson, 1986) must remain open.

The fact that a muscle sling is present only

in some pomacentrid species poses prob-

lems for the analysis of this character at

the level of the Labroidei.

Two possible interpretations suggest
themselves based on this character distri-

bution: 1) the pomacentrid muscle sling

has been derived independently from that

of the remaining labroids, or 2) a muscle
sling is primitive for the Labroidei as a

whole and has subsequently been lost

within the Pomacentridae. Further infor-

mation regarding the intrarelationships of

the Pomacentridae may help resolve this

question. For example, if the presence of

a muscle sling within the Pomacentridae
is found to characterize groups congruent
with those characterized by other char-

acters, a case could be made for suggest-

ing the muscle sling developed within that

clade. If, alternatively, the presence of a

muscle sling is in conflict with the distri-

bution of other characters and the absence
characterizes corroborated groupings, ab-

sence could be considered as the derived

condition. Lacking a precise knowledge of

the intrarelationship of pomacentrid clades

and based on the absence of a muscle sling

in other pharyngognathous perciforms, we
tentatively favor the second alternative

and suggest that the muscle sling is indeed
primitive for the Labroidei. However, we
freely acknowledge that this is a relatively

weak assumption and that future work
may support alternative interpretations.

A remarkable similarity exists between
the labroid muscle sling and that of exo-

coetid beloniforms (compare Figs. 2E and
9A or B). In the latter group the le4 (and

a small slip of the levator posterior mus-
cle) merges with a division of the obliquus

posterior and inserts onto the LPJ, thus

morphologically (and presumably also

functionally) simulating the labroid con-

figuration in remarkable detail. A similar

muscle sling is not developed in the scom-
beresocids (Fig. 2D), and in these taxa a

well-developed obliquus posterior and a

fifth adductor connect the LPJ with the

dorsal elements. The le4 and levator pos-

terior both insert onto the head of the

fourth epibranchial, and no fibers pass be-

low it.

Quite apart from the striking suite of

(homoplastic) morphological similarities
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Figure 8. Isolated pharyngeal muscle sling " components in: A. Percichthys: B. Stegastes; C. Chromis.
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between the PJAs of exocoetids and la-

broids, these two hneages (as well as the

scomberesocids) differ from other taxa in

that all members possess the pharyngog-
nathous condition of functionally united

fifth ceratobranchials, regardless of the

diet of each species. In other families the

expression of pharyngognathy is limited

to only a few (presumably duraphagous)

members of each lineage, and is repeat-

edly correlated with an overall pharyn-

geal hypertrophy. The labroid pharyngeal

synapomorphies (and the similar, but in-

dependently derived, beloniform ones) are

not simply correlated with a durophagous
diet; these taxa bear the synapomorphies
regardless of the particulars of diet and
trophic modification peculiar to individ-

ual species.

As indicated by the above discussion,

the possession of united fifth ceratobran-

chials, i.e., pharyngognathy, is actually

quite mosaically distributed among per-

ciforms and at this level at least, is not

indicative of any close phylogenetic rela-

tionship between the taxa in which it oc-

curs. Thus, although it was originally in

this context that the taxa comprising the

Labroidei were considered to be closely

related, the shared possession of the phar-

yngognathous condition is not itself the

most compelling evidence for the mono-
phyly of this clade. However, the fact that

all labroid taxa, with the exception of

Cichla (Stiassny, 1982), express united fifth

ceratobranchials does suggest that this

feature may have some value in uniting

the Labroidei. While it is true that most
labroids have a hypertrophied PJA capa-

ble of a powerful pharyngeal bite (Liem
and Greenwood, 1981), this is by no means
universal within the clade (e.g., Emery,
1973; Stiassny, 1982; Yamaoka, 1978).

Nevertheless, even those labroids with ex-

tremely weak pharyngeal development
exhibit the pharyngognathous condition of

fused fifth ceratobranchials. Such univer-

sality of pharyngognathy, in the face of

considerable pharyngeal variation, is

unique among perciforms, and we consid-

er this to be an indication that structural

and functional union of the fifth cerato-

branchials is primitive for the Labroidei
and that its presence in forms with poor
pharyngeal development merely reflects a

retention of the primitive condition.

The Labroidei can thus be diagnosed on
the basis of the presence of the following

configuration of the pharyngeal jaw ap-

paratus:

1. A LPJ with a well-developed ventral

keel, onto which is inserted a portion

of the transversus ventralis IV muscle.

2. A true diarthrosis between the UPJ and
neurocranial apophysis.

3. A neurocranial apophysis of character-

istic ventrally projecting and rounded
form.

4. Presence of a m. transversus pharyn-
gobranchialis 2 division of the trans-

versus anterior muscle complex (sec-

ondarily reduced in the Embiotocidae).

This character is somewhat ambiguous
(see discussion on page 276).

5. An undivided sphincter oesophagi
muscle.

6. A muscle sling directly suspending the

LPJ from the neurocranium (poly-

morphically expressed within the Po-

macentridae). See page 284 for a dis-

cussion of this character.

7. A structural union of the LPJ even in

the absence of pharyngeal hypertro-

phy and functional duraphagy.

The interesting preponderance of char-

acters concerning the pharyngeal jaw ap-

paratus in labroid systematics is discussed

further on pages 306-308. In the course

of this investigation a further character of

the pharyngeal region (although not ob-

viously functionally related to the PJA) has

been identified, and before concluding this

section on labroid monophyly that char-

acter is discussed.

As already noted, extensive data exist

on the configuration of dorsal branchial

arch elements in acanthomorph fishes, but

considerably less is known about variation

in the ventral branchial elements. Fortu-
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Figure 9. Isolated pharyngeal "muscle sling" components in: A. Astatotilapia; B. Ditrema; C. Labrus.

nately some comparative data are avail-

able (e.g., Nelson, 1967a, 1969; Travers,

1984a,b). Investigation of the configura-

tion and associations of the ventral bran-

chial arch elements of labroid fishes ren-

ders several features that may be
potentially useful in resolving labroid in-

trarelationships (page 296).

In addition to these features, a partic-

ular configuration of basibranchial ele-

ments characterizes the entire Labroidei.

In labroids the first basibranchial is an

elongate, cylindrical element situated par-

tially below the axis of the basihyal and
the remaining elements of the basibranch-

ial series (Figs. lOA-E). Although there is

considerable variation in this osteological

complex, the first basibranchial does not

lie below the axis of the basihyal and re-

maining elements in the majority of out-

group taxa examined. In most outgroup
taxa, rather, the first basibranchial is a lat-
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erally compressed, almost square element
and the basihyal/basibranchial series are

more or less horizontally aligned with the

first basibranchial abutting the caudal

margin of the basihyal element (Fig. lOD;
Nelson, 1967a, 1969; Travers, 1984a,b).

Among outgroups a similar configuration

was found only in the girellid, Girella.

In view of its limited distribution, the

presence of an elongate, cylindrical first

basibranchial element ventrorostrally

displaced to lie partially below the basi-

hyal axis is interpreted as an additional

synapomorphy uniting the labroid clade,

and the presence of similar modifications

in Girella is presumed to be homoplasous.

In summary, the monophyly of the La-

broidei seems to have been established be-

yond any reasonable doubt. Seven of the

eight characters used in the definition of

the assemblage are features of the pha-

ryngeal jaw apparatus, and the eighth

(i.e., the basibranchial character de-

scribed above), although not obviously

implicated in the PJA, is also a character

of the pharyngeal region. Despite a con-

scious and concerted effort to locate syn-

apomorphies in other structural (function-

al) systems, the weight of evidence for

labroid monophyly remains in the phar-

ynx (see discussion on pages 306-308).

LABROID INTRARELATIONSHIPS

Character Survey

In this section we review the various

characters that have been used in previous

analyses of labroid intrarelationships, and
present novel data. For ease of descrip-

tion, the characters are arranged into

rather loosely defined morphological units

wherever possible; otherwise they are sim-

ply listed independently. Where appro-

priate each character or character com-
plex is introduced with a short review of

the relevant comparative literature and
any problems surrounding past usage of

terms or identification of homologies are

discussed. As in the preceding section,

summary statements of characters as-

sessed to be synapomorphic for labroid

clades are italicized for ease of reference.

Characters of the Pharyngeal

Jaw Apparatus

LP] Union and Medial Tooth Implan-
tation. As we mentioned, within the La-
broidei two modes of LPJ union are ex-

pressed. In cichlids the two fifth

ceratobranchial elements are united me-
dially in a caudally convoluted and inter-

digitating suture (Fig. 3B), and the pha-

ryngeal teeth on the corresponding tooth-

plate can be divided into left and right

regions with no teeth located over the sym-
physis of the two bones. Regarding the

retention of a sutural union, and the tooth

implantation pattern, we agree with Kauf-
man and Liem (1982) that the cichlid ar-

rangement represents the plesiomorphic

labroid condition. In contrast, the condi-

tion in adult labrids, pomacentrids and
embiotocids is a complete fusion of the two

LPJ elements and no trace of the central

suture remains (Figs. 3A, C, D). Tooth rows

are arranged radially across the LPJ, and
teeth are located over the median region

of the jaw (Kaufman and Liem, 1982).

Because a similarly derived arrange-

ment is found nowhere else among pha-

ryngognath percomorphs, contrary to

Kaufman and Liem (1982), we interpret

the total obliteration of all traces of a

sutural union of the two fifth ceratobran-

chial elements of the LP] and the im-
plantation of pharyngeal teeth over the

midline of the bone to be synapomor-
phies uniting the labrid embiotocid and
pomacentrid radiations.

Pharyngo-Cleithral ]oint. Liem and
Greenwood (1981), and later Kaufman and
Liem (1982) described what they termed
"pharyngo-cleithral joints" in labrid and
pomacentrid taxa. The latter authors were
of the opinion that the joints in these two
lineages are "clearly dissimilar in form"
but offer little in the way of substantiation

of the claim. The pharyngo-cleithral joint

is listed as one of the synapomorphies
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BB4

Figure 10. Ventral branchial arch elements in: A. Labrus, B. Astatotilapia; C. Pomacentrus; D. Perclchthys; E. Emblotoca in

lateral view.

characterizing the Labridae (Kaufman and
Liem, 1982: 9), and Liem and Sanderson

(1986) investigated the function of the

joint during pharyngeal mastication. Lau-
der and Liem (1983: 169) cited the pres-

ence of a "pharyngo-cleithral articulation

of characteristic form" as a synapomor-
phy of the Pomacentridae. Our observa-

tions of the pharyngeal-cleithral associa-

tions in various pomacentrid (Fig. HA)
and labrid (Figs. IIB, C) taxa are some-
what at odds with those of these previous

investigators and lead to a different con-

clusion regarding the phylogenetic signif-

icance of the structural complex.

Among pomacentrids there is consid-

erable variation in the degree to which
the expanded lateral horn of the LPJ
(=muscular process of Liem, 1973) con-

tacts the cleithrum. In some taxa (e.g.,

species of Microspathodon and Chromis)
there is no contact and a pharyngo-cleith-

ral articulation is consequently lacking. In

others (e.g., species of Stegastes and Po-

macentrus) the area of contact is exten-

sive and similar to that of many labrids.
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Among labrids also there is considerable

variation in the degree of pharyngo-
cleithral contact and, although contact is

always established (even in those forms

with greatly reduced PJAs), the actual ar-

ticulation surface may be extremely small

(e.g., Fig. lie). A distinct articular pro-

cess (fossa?) on the cleithrum, and the

consequent development of a true synovi-

al joint (Liem and Greenwood, 1981) are

not present in all labrids; in fact the de-

velopment of such a joint appears to be
present only in scarids and odacids (Kauf-

manand Liem, 1982: fig. 6). In our opinion

the morphological differences between la-

brid (possibly excluding scarids and oda-

cids) and pomacentrid pharyngo-cleithral

articulations are quantitative and not qual-

itative as implied by Kaufman and Liem
(1982). What is strikingly similar in these

two taxa, however, is the form of the LPJ.

LPJ Form. Representative labroid LPJs
are illustrated in Figure 3. Within each of

the labroid families there exists a consid-

erable range in both the relative size and
shape of the LPJ. This is perhaps least

marked in pomacentrids (Emery, 1973)

and embiotocids (De Martini, 1969), but in

labrids (Gomon and Paxton, 1986; Ya-
maoka, 1978) and cichlids (Fryer and lies,

1972; Pellegrin, 1903) the range is truly

remarkable. Despite intralineal variation

and a number of autapomorphic features

(Stiassny, 1980), the labrid and pomacen-
trid LPJs all share a markedly similar fa-

des. These similarities are rather difficult

to quantify precisely; however, they are

easily appreciated by a comparison of each
of the jaws illustrated in Figure 3. The
labrid / pomacentrid jaw is highly char-

acteristic in being almost Y-shaped, rath-

er than essentially triangular, with an
emphasis upon the long lateral horns that

are distally expanded. Uniquely in la-

brids and pomacentrids, LP] width is

greater than (rarely equal to) the LP]
length; this relation is reversed in other

taxa. The elongation of the LP] lateral

horns and their distal expansion are syn-

apomorphic features of the labrid and

pomacentrid LP]; they are also a struc-

tural prerequisite for the development
of a pharyngo-cleithral association. As
pointed out above, although not strictly a

character for use in our analysis, the de-

velopment of a pharyngo-cleithral artic-

ulation in labrids, and its tendency for

expression in the pomacentrids, is clearly

correlated with these LPJ specializations.

LP] Muscle Sling. Liem and Green-
wood (1981) distinguished between a

cichlid/embiotocid type of muscle sling

on the one hand and a labrid type on the

other. In the former, the fourth levator

externus muscle is morphologically and
functionally dominant during pharyngeal
mastication, while in the Labridae it is the

levator posterior muscle that is the domi-
nant element (see also Liem, 1986; Liem
and Sanderson, 1986; Yamaoka, 1978).

Dominance of the fourth levator is consid-

ered by Liem and Greenwood (1981) to

be part of an unique, specialized complex
characterizing the Cichlidae-Embiotoci-

dae lineage, while dominance of the le-

vator posterior, forming a force couple

with the pharyngocleithralis externus
muscle, is considered by Kaufman and
Liem (1982) to be one of the synapomor-
phies characterizing the Labridae.

It seems most probable that a structural

and functional dominance of the fourth

levator is the primitive condition of the

labroid muscle sling for two reasons: in

Pomacentrids the levator posterior never
contributes to the muscle sling, and in out-

group taxa the levator posterior is invari-

ably smaller and less well-developed than

the fourth levator externus. The highly

complex and elaborate muscular sling of

the Labridae (Kaufman and Liem, 1982;

Liem and Sanderson, 1986) is correctly in-

terpreted as an autapomorphy of that

clade.

Stiassny (1980) proposed that a caudad
migration of the levator posterior origin

away from the "lateral awning" (Barel et

al., 1976) on the ventral face of the pte-

rotic or intercalar bone is a synapomorphy
uniting the Embiotocidae and Labridae.
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Pharyngo-cleithral associations in: A. Eupomacentrus; B. Labrus; C. Labroides dimidiatus.
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Our reinvestigation of this character fails

to reveal any significant differences be-

tween the location of levator insertion sites

in pomacentrids, cichlids and embioto-

cids. Within the Labridae an extremely
wide range of sites are encountered and
based upon these Yamaoka (1978) has

constructed a morpho-ecological classifi-

cation of labrid types.

UPJ Composition. The structure of the

dorsal gill arches has figured prominently
in studies of euteleostean relationships

(e.g., Nelson, 1969; Rosen, 1973), and a

number of dorsal gill arch characters have
direct bearing on relationships within the

Labroidei (Kaufman and Liem, 1982;

Liem and Greenwood, 1981; Nelson,
1967a; Stiassny, 1980, 1981). A summary
of plesiomorphous osteological and myo-
logical features of the perciform upper
pharynx is given by Stiassny (1981, 1982).

Upper Pharyngeal Toothplates. Com-
pared with the modal perciform arrange-

ment (Stiassny, 1981), within the Labroi-

dei reduction of a number of features of

dorsal gill arch osteology is evident. In the

Embiotocidae (Figs. 12B, 13B) and La-
bridae (Fig. 12D) the second pharyngo-
branchial is reduced to a slender, rod-like

element with no trace of a second pha-
ryngobranchialtoothplate (Nelson, 1967 a)

.

This condition stands in contrast to that

seen in the Cichlidae (Fig. 12 A), the Po-

macentridae (Fig. 12C), and the majority

of outgroups, in which the second pha-
ryngobranchials are robust elements each
bearing a well-developed toothplate.

Loss of the second pharyngobranchial
toothplates occurs elsewhere within the

Percomorpha, most notably among the

Blenniidae (Springer, 1968), in which the

entire second pharyngobranchial is absent

and only a single toothbearing element
(pharyngobranchial 3 and 4?) is present.

In a single mastacembelid lineage the sec-

ond pharyngobranchial is reduced to a

small cartilage (Travers, 1984b). Despite

the occassional loss of the second pha-

ryngobranchial toothplate elsewhere with-

in the Percomorpha (Stiassny, 1981), we

consider the absence of this structure in

the Embiotocidae and Labridae to be evi-

dence suggestive of a sistergroup relation-

ship between them.
As in the Euteleostei generally, the

paired third pharyngobranchial elements
(and associated toothplates) comprise the

major component of the upper pharyn-
geal jaw in labroids (Nelson, 1967a, 1969).

In the Cichlidae (Fig. 12A) and Pomacen-
tridae (Fig. 12C) the fourth upper tooth-

plates also contribute significantly to the

composition of the UPJ, and are suturally

united to their respective third pharyn-
gobranchials. Typically among outgroup
taxa the fourth upper toothplate is well-

developed and cups around a cartilagi-

nous fourth pharyngobranchial, although

rarely it is as intimately associated with

the third pharyngobranchial or as highly

ossified as in cichlids and pomacentrids
(Stiassny, 1981).

In embiotocids Up4 is a fragile, weakly
ossified element with feebly developed
teeth and relatively little common border
with its associated third pharyngobran-
chial (Fig. 12B). In the Labridae no evi-

dence remains of an independent Up4
(Fig. 12D; see also Nelson, 1967a, 1969).

We consider the reduction of the Up4
element in the upper pharyngeal jaw to

be a synapomorphy of these two labroid

taxa. Ontogenetic data may clarify the

nature of the reduction of this character

within the Labridae.

The families Cichlidae and Embiotoci-
dae share a cartilaginous cap on the an-

terior border of the second epibranchial

(Fig. 14) (Stiassny, 1981). However, rein-

vestigation of this character leads us to

consider this condition non-homologous
between the two families. Within the

Cichlidae, the second epibranchials bear

an expansion rostrally with a cartilaginous

cap. This cartilaginous flange does not ar-

ticulate with any other pharyngeal ele-

ment, and extends forward into the buccal

cavity forming the core of pharyngeal pad
developed on the mouth roof (Trewavas,

1973). In addition, the head of the epi-



Labroid Intrarelationships • Stiassny and Jensen 293

PB2-TP

EP4

Figure 12. Right upper pharyngeal jaw in ventral view. A. Geophagus; B. Micrometrus; C. Stegastes; D. Labrus.

branchial bears two other cartilaginous

pads, corresponding to its points of artic-

ulation with pharyngobranchials 2 and 3

(Fig. 14A). Within the Embiotocidae, only

those cartilaginous pads associated with the

pharyngobranchial articulations are pres-

ent (Fig. 14B), either continuous with each
other or separated by a narrow gap. Be-

cause the cartilaginous extension on the

anterior border of the second epibranchial

has no counterpart in the Embiotocidae,
in terms of either form or topographic re-

lationship to the adjacent elements, we do
not consider this similarity to be indica-

tive of a close relationship between the

two families.

Interarcual Cartilage Development.
The presence of a cylindrical rod-like in-

terarcual cartilage connecting the unci-

nate process of the first epibranchial ele-

ment with a dorsal process of the second
pharyngobranchial is considered by Rosen
and Greenwood (1976) to be a synapo-
morphy uniting the Perciformes. In a sub-

sequent review of the morphology and
distribution of this structure Travers (1981)

concluded that an interarcual cartilage (of

some form) is primitively present in a wide
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range of ctenosquamate taxa (see also Ro-
sen, 1985).

Among outgroup taxa investigated here

a rod-like interarcual cartilage is typically

present. Although a well-developed inter-

arcual cartilage is present in most sciaenid

and gerreid taxa examined, an interarcual

cartilage is lacking in both pharyn-
gognaths Pogonias cromis and Gerres poe-

ti. Within the Perciformes the interarcual

cartilage has apparently been lost inde-

pendently a number of times (e.g.. Spring-

er, 1968; Travers 1981, 1984a). Johnson
(1984) listed the presence or absence of an
interarcual cartilage in representatives of

all percoid families.

Within the Labroidei, a rod-like inter-

arcual cartilage is fully developed in the

Pomacentridae (Fig. 13C), reduced or ab-

sent among the Cichlidae (Fig. 13A; see

also Stiassny, 1981), and completely ab-

sent in both the Labridae (Fig. 13D) and
Embiotocidae (Fig. 13B). The cichlid con-

dition is complex as an interarcual (pres-

ent as a nubble of cartilage suspended in

a connective tissue strand) occurs in many
Neotropical and Madagascan lineages but

is present only very rarely as an individual

anomaly in the more derived African lin-

eage (Stiassny, in press). As the Cichlidae

is polymorphic for this character we ten-

tatively consider the cartilage to be prim-
itively present, but reduced in the family,

perhaps having been lost independently
several times within the clade. The com-
plete absence of an interarcual cartilage

is interpreted as a synaponiorphy of the

Labridae and Embiotocidae.
Stiassny (1980) cited the loss of a well-

developed anterodorsal process on the sec-

ond pharyngobranchial (primitively ac-

commodating the medial end of the in-

terarcual cartilage) as a synapomorphy
uniting the Labridae, Embiotocidae and
Cichlidae. Reexamination of this charac-

ter fails to corroborate that assessment.

Comparison of second pharyngobranchial
morphology in a range of cichlid and po-

macentrid and additional outgroup taxa

does not reveal any significant difference

in the degree of development of this pro-

cess in these taxa. The fact that the process

is lacking on the second pharyngobran-
chials of labrids and embiotocids is clearly

related to the overall reduction of the ele-

ments in these taxa.

With regard to branchial osteology, the

monotypic family Pholidichthyidae mir-

rors the Labridae (and in some respects

other labroids also) to a remarkable ex-

tent. Pholidichthys lacks a cartilaginous

fourth pharyngobranchial, a fourth upper
toothplate, epibranchials 3 and 4 articu-

late with the third pharyngobranchial, no
interarcual cartilage is present and the

second pharyngobranchial lacks a tooth-

plate and anterodorsal process (Springer

and Freihofer, 1976). In addition the fifth

ceratobranchials of Pholidichthys are also

united into a single element. Unfortu-
nately no specimens of this genus were
available to us for dissection so we are un-

able to comment on the condition of the

branchial myology of these fishes. An in-

vestigation of their myological configura-

tion is particularly interesting with regard

to the possible development of a pharyn-
geal muscle sling in these taxa. (See dis-

cussion of beloniform/labroid pharyngeal
parallels on pages 274-286.)

Additional Characters of the

Pharyngeal Region

Ventral Branchial Myology. In a phy-

logenetic context, teleostean ventral bran-

chial myology has received far less atten-

tion than the corresponding dorsal

configuration. Although much informa-

tion is available in papers describing the

myology of various individual taxa, few
comparative data have been assembled
with a view to resolving problems of phy-

logenetic relationship. The works of Dietz

(1921), Nelson (1967b), Winterbottom
(1974) and Lauder (1983) are notable

exceptions and provided much valua-

ble comparative information. Goedel
(1974a,b) and Anker (1978) also provided

useful data on the ventral branchial mus-
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Figure 13. Right upper pharyngeal jaw in dorsal view. A. Geophagus; B. Micrometrus; C. Stegastes; D. Labrus.

cles of two African cichlid fishes, and
characters of the ventral branchial mus-
culature of labroids are employed by
Stiassny (1982, and in press) and Green-
wood (1985).

The plesiomorphic perciform configu-

ration of ventral branchial muscles is rep-

resented here by the arrangement in Mo-
rone (Fig. 4A). Both the rectus ventralis

IV and obliquus ventralis IV insert togeth-

er onto a well-developed semicircular lig-

ament system. Among labroids a similar

configuration is present in embiotocids
(Fig. 4B) and most cichlids (Fig. 4C;
Greenwood, 1985 and Stiassny, in press),

as well as in the percoid outgroups ex-

amined (Serranus lacks the semicircular

ligament system entirely [Stiassny, in

press])

.

In labrids (Fig. 4D) and pomacentrids
(Fig. 4E) the rectus IV and obliquus IV
muscles insert independently on the

semicircular ligament. Although a seem-
ingly minor distinction, these insertional

differences consistently appear to differ-

entiate labrids and pomacentrids from the

other perciform taxa examined, and as

such are interpreted as synapomorphic for

the two lineages.

Primitively among acanthomorphs a
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Figure 14. Isolated second epibranchial element. A. Astato-

tllapia; B. Cymatogaster.

single ligament passes from the third hy-

pobranchial element of either side to at-

tach to the dorsal surface of the urohyal

(ligamentum urohyale caudale of Anker,

1978). Uniquely in the Cichlidae (Fig.

lOB) an additional ligament (ligamentum
urohyale intermedium of Anker, 1978)

passes from the second hypobranchial ele-

ment of either side to attach to the dorsal

surface of the urohyal somewhat in ad-

vance of the caudal ligament. A similar

elaboration of a ventral branchial liga-

ment system is lacking in all other taxa

and is identified as an additional synapo-
morphy uniting the members of the Cich-

lidae.

Ventral Branchial Osteology. There
exists a large body of data on the config-

uration of dorsal branchial osteology, but

as with the myology of the region, less is

known of the variation in the ventral

branchial elements. Some comparative
data are available (e.g.. Nelson, 1967a,

1969; Travers, 1984a,b) and these provide

useful additional outgroup data.

In labrid (Fig. lOA), pomacentrid (Fig.

IOC) and embiotocid (Fig. lOE) taxa the

urohyal articulates via its dorsal process

with the ventral surface of the first basi-

branchial element. This is not the case in

cichlids (Fig. lOB), nor in the majority of

percoid outgroups examined (e.g.. Fig.

lOD) where the urohyal articulates with

the second basibranchial (occasionally at

the cartilaginous junction of the first and
second basibranchials).

Gerres and Encinostomus provide ex-

ceptions to the above generalization and
in these taxa the urohyal (although lack-

ing a distinct dorsal process) articulates di-

rectly with basibranchial one. A similar

association is present in the majority of

Asian (but not African) mastacembelids
and synbranchids (Travers, 1984a,b).

Despite these few mosaic occurrences,

in the overwhelming majority of acantho-

morph taxa the urohyal articulates with

the second basibranchial, and the occur-

rence of a basibranchial one / urohyal as-

sociation in labrids, pomacentrids and
embiotocids is interpreted as a synapo-
niorphy uniting these three taxa.

In labrids and pomacentrids (Figs.

lOA, C) the urohyal articulates with a

large keel-like caudally directed ventral

extension developed on the elongate cy-

lindrical first basibranchial element.
Primitively among perciforms the first ba-

sibranchial is a deep, almost square ele-

ment that lacks a ventral process (e.g., Fig.

lOD). In cichlids and embiotocids the first

basibranchial is also somewhat elongate

and cylindrical and varies in size. A well-

developed caudally directed ventral pro-

cess, however, is never developed in the

manner or extent approaching that of the

pomacentrids and labrids.

The mastacembelid and synbranchid
lineage described by Travers (1984a,b)

prove exceptional among outgroups in the

possession of well-developed ventral pro-

cesses on the first basibranchial.

Despite the occurrence of a similar ba-

sibranchial morphology in the labrid/po-

macentrid pair and in the distantly relat-

ed symbranchid/mastacembelid lineage,

the labrid/pomacentrid basibranchial

configuration is interpreted as a synapo-

morphy uniting these two taxa.

Caudal Fin Skeleton. Extensive litera-

ture exists on the systematic value and dis-

tribution of variation in caudal structure

within the Acanthomorpha (e.g., Ford,

1937; Goshne, 1961; Hollister, 1936, 1937;
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Figure 1 6. Caudal skeleton of A. Hysterocarpus (40 mmSL).

Johnson, 1984; Patterson, 1968; Rosen,

1973; Rosen and Patterson, 1969). The bas-

al perciform caudal skeleton has been de-

scribed by Gosline (1961) as having three

epurals, two independent uroneural ossi-

fications, and the hemal arches on the pen-

ultimate and antepenultimate vertebrae

autogenous. Patterson (1968) further char-

acterized the basal Perciform caudal skel-

eton as having, among other features, a

low neural crest on the penultimate ver-

tebrae.

Epural Reduction. In labrid (Fig. 15C;

see also Ford, 1937) and cichlid (Fig. 15A;

see also Vandewalle, 1973) taxa there are

two epural bones in the caudal skeleton.

Among perciforms the primitive condi-

tion, as found in the Embiotocidae (Fig.

15D), Pomacentridae (Fig. 15B), and most
of the outgroup taxa examined (e.g.. Fig.

15E), is the possession of three epurals (see

also Gosline, 1961). Although exceptional

among embiotocids, individuals of Hys-
terocarpus (Fig. 16) and Micrometrus are

occasionally found with only two inde-

pendent epurals. In these individuals the

anomaly appears to be the result of fusion.

In young Hysterocarpus, three separate

epurals are present, whereas in the adult

these are occasionally united along a por-

tion of their border. The labrids and cich-

lids bear no trace of a third epural at any
time during ontogeny.

Despite the somewhat mosaic distribu-

tion of epural reduction among phyloge-

netically disparate acanthomorph taxa

(e.g., reduction occurs in a range of ser-

ranid lineages as well as in a number of

"paracanthopterygians" [Rosen and Pat-

terson, 1969]), three epurals is undoubt-
edly the primitive condition for perco-

morphs (Patterson, 1968). In view of this

ive interpret the reduction of epural

number in the Lahridae and Cichlidae as

a synapomorphy uniting the two clades.

Uroneural Ossification. In common
with a range of perciform taxa, the la-

broid caudal skeleton has but a single uro-

neural ossification (Gosline, 1961). In the

Embiotocidae and Cichlidae, the uro-

neural is autogenous, as it is in all out-

group taxa examined (e.g.. Fig. 15E). Em-
biotocids differ from outgroups, however,

in having the uroneural elements very

closely applied to the urostyle (Fig. 15D);

nonetheless the uroneural can easily be-

dissected free of the urostyle without

damage to either element. In the Poma-
centridae and Labridae the uroneural ele-

ment is completely fused with the uro-

style, resulting in a urostyle/uroneural

block with no suture evident between the

two elements (e.g.. Fig. 15B). In labrids,

hypurals 4 and 5 are also fused to the uro-

neural/urostyle block (Fig. 15C; see also

Ford, 1937), a condition we consider to be
synapomorphic for members of the Lab-

ridae.

Complete fusion of the uroneural with

the urostyle, and the obliteration of all

trace of a former siitural union, is inter-

preted as a synapomorphy uniting the

pomacentrid and labrid clades.

Antepenultimate Vertebrae. Primitive-

ly among perciforms, the hemal arch of
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the antepenultimate vertebra remains free

from, although very closely associated

with, its centrum (e.g.. Fig. 15E; see also

Gosline, 1961). Among labroids an autog-

enous hemal arch is also found in the Po-

macentridae (Fig. 15B), where the hemal
spine of the antepenultimate vertebra ar-

ticulates with the centrum via a peg-like

dorsal extension. The division between the

two bones is clearly evident. Embiotocids,

cichlids, and labrids exhibit a derived con-

dition in having the hemal spine fused

with the antepenultimate vertebra. Even
in the early ontogeny of these elements

(ca. 10 mmSL), there is no discernible

division between these elements.

Although fusion of the antepenulti-

mate centrum and hemal spine occurs in

some other acanthomorph taxa (e.g., Gos-

line, 1961; Hollister, 1937; Springer,

1968), its absence in any of the perciform
outgroup taxa examined in the course of
our investigation leads us to consider this

character as a synapomorphy uniting the

labrids, embiotocids and cichlids.

Additional Characters

Subocular Shelf. The presence of a sub-

ocular shelf, usually formed by a medial

extension of the third suborbital, is wide-

spread among perciforms and appears to

have been independently lost a number of

times within this taxon (Smith and Bailey,

1962). Among the labroids the Pomacen-
tridae and Embiotocidae have the sub-

ocular shelf, whereas the Cichlidae and
Labridae do not. The markedly mosaic
distribution of this character among out-

groups renders polarity determination of

the character extremely difficult. For ex-

ample, a subocular shelf is absent in the

Centrarchidae, Kyphosidae, Leiognathi-

dae and Percidae, but is present in the

Girellidae, Serranidae, and Sparidae. Even
within the Gerreidae, this character is

variable (Smith and Bailey, 1962). Clearly

the subocular shelf has been lost repeat-

edly during perciform evolution. In the

absence of a clearer knowledge of the pre-

cise relationships of the labroids to other

perciform taxa, we are unable to deter-

mine the primitive labroid condition.

Endopterygoid Shelf. As noted by
Stiassny (1980), primitively among acan-

thomorphs, the endopterygoid bone of the

suspensorium bears a medially directed

shelf forming the floor of the orbit. The
adductor arcus palatini muscle inserts onto

the endopterygoid shelf and, although the

extent of adductor migration over the shelf

varies (Rosen, 1973), insertion is invari-

ably onto the lateral face of the bone.

In labrids and cichlids the medially di-

rected endopterygoid shelf of other acan-

thomorphs is lacking, and the adductor
arcus palantini inserts onto the medial face

of the endopterygoid. The floor of the or-

bit now lacks a bony component and is

instead entirely muscular. In both poma-
centrids and embiotocids the endoptery-

goid shelf is well-developed and adductor

insertion is onto its medial face.

Among all of the outgroup taxa inves-

tigated an endopterygoid shelf was lack-

ing only in the single species of Mullidae

examined. In this taxon the adductor also

inserts onto the medial face of the bone
and the floor of the orbit is entirely mus-
cular. In view of the extremely limited

distribution of this feature within the

Acanthomorpha, we interpret the loss of
an endopterygoid shelf, and the subse-

quent migration of the adductor arcus

palatini muscle from the lateral to the

medial face of the endopterygoid, to be a

synapomorphy of the Cichlidae and Lab-
ridae.

Predorsal Bones. The structure and
evolution of the predorsal bones have been
extensively reviewed by Smith and Bailey

(1961). Predorsals have generally been
viewed as representing rayless pterygio-

phores (Smith and Bailey, 1961); however,

it has recently been suggested that they

are derived from neural arch material (P.

Mabee, personal communication). What-
ever their origin, variation in predorsal

number is widespread and may be sys-

tematically useful at the present level of

analysis.



300 Bulletin Museum of Comparative Zoology, Vol. 151, No. 5

The possession of three predorsal bones

is the most common condition among the

percoids (Johnson, 1984; Smith and Bai-

ley, 1961) and, judging from the condition

seen in most outgroup taxa, is primitive

for the Labroidei as well.

Embiotocids and pomacentrids gener-

ally retain the primitive number of three

predorsal ossifications, whereas the cich-

lids and labrids display a reduction in pre-

dorsal number. The reduction in predorsal

number, to two predorsals in the Lahridae

and to two or fewer in the Cichlidae, is

considered to be a synapomorphy uniting

these two families.

Extrascapidar Bones. Among perco-

morphs the extrascapular series of latero-

sensory canal bearing ossifications usually

overlie the parietal region of the neuro-

cranium. In those taxa in which the ex-

paxial musculature has migrated onto the

neurocranium the extrascapulars lie in the

dermis superficial to the epaxial muscu-
lature (e.g, the Cichlidae). Uniquely
among perciforms the extrascapulars have
become fused with the parietals of embi-
otocids and pomacentrids. In these taxa

the parietals each bear an open (or par-

tially closed) tube running postero-later-

ally from the anterior parietal/supraoc-

cipital border (Fig. 6C, D). In agreement
with Morris (1982) we consider the fu-
sion of an extrascapular element with the

parietal to be a synapomorphy uniting
the Pomacentridae and Embiotocidae.
However, we are unable to corroborate

Morris' assertion that a similar extrascap-

ular/parietal fusion also characterizes the

Scorpididae. In the representative scor-

pidid, kyphosid and girellid taxa investi-

gated here, the extrascapular exhibited no
particularly close association with the pa-

rietal bone of the neurocranium.
Epihemal Ribs. So-called epihemal ribs

are developed in some or all representa-

tives of the perciform families Embiotoci-
dae, Pomacentridae, Cichlidae, Scorpididae,

Girellidae, Chaetodontidae, Cirrhitidae,

and Centrarchidae. Morris (1982) consid-

ered the presence of epihemal ribs as an

indication that the pomacentrids (Fig. 17A)
and embiotocids (Fig. 17B) bear a closer

relationship to each other than either does
to cichlids or labrids. However, a review
of these structures indicates that the use

of the term epihemal rib needs clarifica-

tion because it describes two morpholog-
ically and developmentally distinct struc-

tures.

The epihemal ribs of pomacentrids (and

scorpidids, girellids, chaetodontids and
cirrhitids) are membranous ossifications

extending into the horizontal septum be-

tween the epaxial and hypaxial muscula-
ture, and would thus appear to be modi-
fied intermuscular bones. The epihemals
of embiotocids (and centrarchids, and a

single cichlid species, Geophagus surina-

mensis) appear to be modified pleural ribs.

We conclude that the epihemal ribs of

embiotocids are distinct from those of po-

macentrids, and that they in fact repre-

sent pleural ribs, for the following reasons:

1) The epihemal ribs of embiotocids do
not extend into the horizontal septum, 2)

they are preformed in cartilage as are

pleural ribs (but not intermusculars, which
are membrane bones and hence are no
longer preformed in cartilage (Patterson,

1977)), and 3) the intermusculars and epi-

hemals occur in overlapping series (Fig.

17B; contra Morris, 1982), indicating sep-

arate identity.

Although work in progress (Jensen) in-

dicates that the arrangement of epihemal
ribs may be informative at the intrafa-

milial level of analysis, lack of identity be-

tween pomacentrid and embiotocid epi-

hemal ribs precludes support for Morris'

(1982) statement of relationships based

upon these structures. The morphological
correspondence between the epihemal ribs

of embiotocids and of the single species of

cichlid fish is interesting; however, this

similarity has little systematic signifi-

cance.

Maxillary -Palatine Ligament. Stiassny

(1980) described a ligament connecting the

postmaxillary process of the maxilla with

the palatine and ectopterygoid bones of
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Figure 17. Epihemal ribs in: A. Eupomacentrus; B. Embiotoca.
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the suspensorium as being a synapomor-
phy uniting the labrid and embiotocid hn-

eages (see also Kaufman and Liem, 1982;

Lauder and Liem, 1983). Our reinvesti-

gation of this hgament fails to corroborate

that assessment; the degree of develop-

ment of the ligament varies markedly not

only within other labroid taxa (e.g., a range

of Neotropical and etropline Cichlidae

possess a well-defined and discrete tract

of connective tissue connecting the max-
illae and palatine/pterygoid region), but

also among a range of outgroup taxa ex-

amined during the course of this investi-

gation. For this reason the presence of the

ligament in labrids and pomacentrids is

rejected as evidence of their close rela-

tionship.

tA, Insertion. Among percomorphs, and
neoteleosts in general, control of the max-
illa is achieved primarily through an in-

sertion of the Ai division of the adductor
mandibulae muscle onto the posterior bor-

der of the maxillo-mandibular ligament,

which runs from the lateral face of the

maxilla to the lateral face of the angulo-

articular (Rosen and Patterson, 1969;
Stiassny, 1981). A tendon (tAj) arising from

Ai and inserting onto the medial face of

the maxilla is also primitively present, al-

though usually only weakly developed.

Within the Labroidei (and some per-

coids), there is no association of Ai with

the maxillo-mandibular ligament and
maxillary control is primarily through tAi

(Stiassny, 1980, 1981). The relative inser-

tion sites of tAi in cichlids, embiotocids

and labrids have been suggested to rep-

resent a morphocline of insertion from just

below the cranial condyle (cichlids, Fig.

18C), to well onto the cranial condyle (in

some embiotocids. Fig. 18A), to a point at

the anterior margin of an elongate cranial

condoyle (labrids. Fig. 18D). The insertion

of tAi onto the cranial condyle was con-

sidered by Stiassny (1980) to be a synap-

omorphy of an embiotocid-labrid clade.

Further investigation of this feature indi-

cates that in fact this character exhibits a

continuous range of variation both within

and between taxa examined. For example.

the embiotocids span a range of tAi inser-

tions (Figs. 18A, B) from that found in

cichlids and many other percoids to a con-
dition approaching that of labrids. Within
the Cichlidae, in addition, one occasion-

ally finds a condition approaching that of

the Labridae (e.g., in the etropline Cich-
lidae). In view of this, we feel that we
would be creating an artificial disconti-

nuity in what is in fact a continuous range
of variation if we regarded tAi insertion

as a synapomorphy of the Embiotocidae
and Labridae.

Character Analysis

Figure 19 depicts the single minimum
length tree derived by the PAUPbranch
and bound routine (Swofford, 1985). This

is the shortest tree obtained from the char-

acter data (length = 23, consistency in-

dex = 0.652) and we favor it with due re-

servation. The resultant scheme of

relationships differs from others previ-

ously proposed by Stiassny (1980), Liem
and Greenwood (1981), and most recently

by Kaufman and Liem (1982), in placing

the Cichlidae as the sistergroup of all the

remaining labroid groups. The integrity

of a monophyletic assemblage composed
of the Embiotocidae, Pomacentridae, and
Labridae is supported by the presence of

three uniquely derived features of the

pharynx: the fifth ceratobranchial ele-

ments forming the LPJ are completely
united such that no trace of a median su-

ture remains, and the pharyngeal tooth

rows span radially across the LPJ and
overlie the median portion of the jaw

(character 1 in Fig. 19); the urohyal artic-

ulates via its dorsal process with the first

basibranchial element (character 2 in Fig.

19); and the musculus cranio-pharyngo-

branchialis 2 is absent (character 3 in Fig.

19). The Embiotocidae is placed as the

sistergroup of the Pomacentridae plus the

Labridae, again in contrast to previous

hypotheses of other authors. Four poma-
centrid/labrid synapomorphies are iden-

tified in a range of structural systems

(characters 4, 5, 6, and 7 in Fig. 19).

Although Figure 19 represents the most
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tA1

Figure 18. Insertion of tA, into the maxilla in: A. Embiotoca; B. Hyperprosopon; C. Cichia; D. Labrus.
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parsimonious interpretation of the data at

hand, the number of crossbars superim-

posed onto the cladogram starkly illus-

trates that even this scheme requires the

loss or independent gain of many derived

characters. Specifically, our hypothesis re-

quires either that the Embiotocidae and
Labridae have independently lost the sec-

ond pharyngeal toothplates and reduced

the pharyngobranchial element to a small

rod-like structure (character 8), lost the

interarcual cartilage (character 10), and
have independently reduced (Embiotoci-

dae) and lost (Labridae) the fourth upper
toothplate (character 9), or alternatively

that the Pomacentridae has undergone a

reversal in each of these features. The
Cichlidae and Labridae would have to have
independently reduced the number of

caudal epurals (character 11), reduced the

number of predorsals (character 12), and
developed an endopterygoid shelf with an
(associated) shift in adductor arcus pala-

tini muscle insertion site (character 13).

The pomacentrids and embiotocids would
have to have independently fused the sec-

ond extrascapular bone with the parietal

(character 14), or alternatively the Labri-

dae would have to have secondarily re-

expressed the ancestral condition of this

character. Finally, the Pomacentridae
would have to have redeveloped an au-

togenous antepenultimate hemal spine

(character 15).

Obviously when dealing with such large

amounts of homoplasy a number of alter-

native trees of nearly equivalent length

can be computed. Figure 20 depicts all of

the trees derived from our character data

that are of length 27 or less. There is one
tree of length 24 (la in Fig. 20) and this,

like our favored tree depicted in Figure

19, also places the Cichlidae as the sister-

group of the remaining Labroidei. Thus,

the two shortest trees computed corre-

spond in their placement of the Cichlidae,

but differ as to which clade, the Embioto-
cidae or the Pomacentridae, forms the sis-

tergroup of the Labridae. No trees of length

25 can be derived from these data. Dia-

grams 2a-f and 3a-b (Fig. 20) represent

trees of lengths 26 and 27 respectively. Of
the trees represented in Figure 20, only 2a
has been previously proposed as a labroid

phylogeny (Kaufman and Liem, 1982;

Stiassny, 1980). There are two trees of

length 29, including the tree of Liem and
Greenwood (1981), and two trees of length

30.

Given the plethora of possible trees of

nearly equivalent length and yet widely
varying topologies, it is clear that state-

ments of relationship within the Labroidei

must remain highly tentative. For this

reason it would be ill-advised to propose

any classificatory or nomenclatural
changes based upon the results of our
study. Perhaps the most significant obser-

vation we can make is that morphological
character transformations within the La-
broidei display a disconcertingly large

amount of homoplasy. No matter which
scheme of relationship is ultimately cho-

sen, we must accept and acknowledge that

in many structurally (and functionally?)

disparate systems, character distributions

within the Labroidei present a perplexing

"web of parallelism." As systematic mor-
phologists we are obviously interested in

knowing whether the degree of homopla-
sy revealed in our study of the Labroidei

is a general phenomenon that will be ob-

served repeatedly in different groups that

are subject to such detailed morphological
analysis, or if the magnitude of the prob-

lem is peculiar to this group —and is

therefore perhaps indicative of something
particular about its morphological evolu-

tion.

Wehope that future work incorporat-

ing other types of data, for example cla-

distically analysed physiological or bio-

chemical data (Wiley, 1981), will provide

a set of characters more clearly supporting

a single phylogeny. Once such a single,

highly corroborated phylogeny is avail-

able, then the same morphological ho-

moplasy that proved an impediment to our

understanding of the relationships of the

group suddenly becomes of great poten-
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tial use in extending our understanding of

its evolution. Clades such as the Labroidei

will provide an ideal opportunity for de-

velopmental genetecists, physiologists and
morphologists to explore and elucidate the

causal processes underlying morphologi-

cal homoplasy.

DISCUSSION

Pharyngeal Complexity and
Systematic Dominance

Of the eight characters found to diag-

nose the Labroidei, seven are elements of

the PJA, and the eighth, although not ob-

viously linked with the functioning of that

apparatus, is a feature of the pharynx. De-
spite a conscious effort to locate additional

synapomorphies in other structural sys-

tems we were able to find evidence of la-

broid monophyly only in the pharynx.

This predominance of PJA characters

has not extended to our analysis of rela-

tionships within the Labroidei. Although
features of the pharynx are well repre-

sented among the characters used, enough
other characters from a reasonable "spread"

of morphological systems are introduced

so that pharyngeal information is not

overwhelming at that level of analysis. Of
the 15 characters used in the analysis of

labroid intrarelationships (Figs. 19 and 20)

only six are components of the PJA (char-

acters 1, 3, 4, 8, 9 and 10). Three addi-

tional characters are located in the pha-

ryngeal region but have no obvious
functional connection with the PJA (char-

acters 2, 5 and 6), and the remainder are

distributed throughout the organism
(characters 7, 11, 12, 13, 14 and 15). De-
spite the variety of sources of information

regarding relationships within the Labroi-

dei, we feel that the predominance of the

pharynx as a source of information at the

subordinal level is noteworthy and credits

further consideration here.

When a particular morphological struc-

ture or functional complex plays such a

disproportionately predominant role in the

systematics of a group of organisms there

are several reasons why that region or

complex may be of interest. While freely

acknowledging that many non-morpho-
logical features can be of equal, and some-
times even primary, importance in the

evolution of groups and their interrela-

tionships (Mayr, 1969; Miller, 1949), we
will restrict ourselves to a consideration of

the particular morphological properties of

groups:

1. The skewed emphasis may reflect an
historical bias in the taxonomy of the

group. For example, "caudal charac-

ters" may have traditionally (original-

ly) been used in analyses and subse-

quent workers have followed the

precedent and directed attention to the

complex.
2. For some reason a particular region/

character complex may be assessed a

priori to be of no significance in the

evolution of the group, and thus atten-

tion has been centered upon the re-

gion. This emphasis reflects what Mayr
(1969) has termed the "Darwin Prin-

ciple" in systematics and stresses the

use of conservative, "non-functional/

non-adaptive" characters in systematic

analyses.

3. For some reason a particular region/

character complex may be assessed a

priori to be of particular significance

in the evolution of the group, and thus

attention has centered upon the region.

This is the opposite position to the pre-

ceding case, and emphasizes the use of

malleable "functional/adaptive" char-

acters. Although few authors are ex-

plicit in their formulation of this ap-

proach it is implicit in the works of a

number of functional morphologists

(e.g., Dullemeijer, 1974; Gutmann, 1977)

and "evolutionary" taxonomists (e.g.,

Szalay, 1981; see also discussion in Cra-

craft, 1981a).

Each of the above can loosely be
viewed as resulting in some sort of tax-

onomically introduced bias, and sub-

sequent investigation of other morpho-
logical complexes would render a range

of additional characters for analysis and
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Figure 20. Range of additional trees (of length 27 or less) derivable from the character data entered into the analysis. 1 A (length

24), 2A-F (length 26), and 3A-B (length 27). C = Cichlidae, P = Pomacentridae, E = Embiotocidae and L = Labridae.

the predominance of the original com-
plex may be expected to be reduced.

This isn't, of course, to say that those

original features suddenly become un-

important or insignificant, but only that

they no longer predominate.

In view of our conscious effort to lo-

cate features other than pharyngeal
ones uniting the Labroidei and our in-

ability to find any, we suggest that it is

improbable that investigator bias is re-

sponsible for the importance of the

pharynx in diagnosing the clade. Of
course we cannot rule out the possibil-

ity that other morphological informa-

tion does exist and that we have simply
not found it yet, but our hypothesis is

that such data do not exist.

4. Predominance of the region may sim-

ply be a reflection of structural (and/
or functional) complexity. As Lauder

(1981) quite correctly pointed out, few
morphologists have explicitly consid-

ered the influence of complexity upon
patterns of morphological change. In-

tuitively at least, it seems that complex
systems have a higher likelihood of

change than simple ones. If complexity

is defined as the number of parameters

needed to describe form (Lauder, 1981;

Vermeij, 1973), then an increase of

complexity will automatically increase

the number of possibilities for change
in the component elements and in their

relations to one another. Complex sys-

tems have more potentially stable in-

termediate states and have, therefore,

options for change in design at each
level (Lauder, 1981; Simon, 1962).

The euteleostean pharynx is a highly

complex construction, composed of

many elements and numerous struc-
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tural and functional networks of inter-

connection. Lauder (1983) showed that

there is a degree of decouphng be-

tween patterns of functional activity

and the sequence of structural modifi-

cation in the euteleostean pharynx. In

this complex system overall function-

ing can be maintained in the face of

sequential structural modification. In

view of the complexity of the system,

and concomitant structural variation, it

is perhaps not surprising that so much
attention has been centered upon pha-

ryngeal characters in the systematics of

euteleostean clades (e.g.. Nelson, 1969;

Rosen, 1973; Rosen and Parenti, 1981).

We doubt whether a case can be
made that the labroid pharynx is more
complex than that of other clades;

complexity alone does not seem to ac-

count for our observation of pharyn-

geal dominance in labroid systematics.

5. The predominance of any particular

region/character complex may indi-

cate that it actually represents some sig-

nificant and independent locus of evo-

lutionary change.

With all of the caution that the preced-

ing list engenders, we would nonetheless

like to speculate that our findings may in-

dicate that the PJA does indeed represent

precisely this sort of major locus of evo-

lutionary change for the labroid clade.

That features of the pharynx alone seem
to characterize the Labroidei indicates

that, relative to other systems, this com-
plex underwent extensive restructuring

early in the history of the clade. Perhaps,

as suggested by Liem (1973), a single

change in one aspect of this complex pre-

cipitated a major restructuring in other

elements of the pharyngeal network. Ini-

tial restructuring of the pharynx, a com-
plex considered to be profoundly impor-
tant in the evolution of the Labroidei (see

discussion of the concept of key innova-

tion below), may then have been a very

rapid, yet integrated, event.

If this is the case, the pharynx may eas-

ily be overemphasized as a source of sys-

tematic information since many of the

characters treated as independent (and
equivalent) are a necessary result of the

single initial change. The remarkable mir-

roring of a whole suite of morphological
features of the PJA in the phylogenetical-

ly disparate labroids and beloniforms
would appear to support this inference.

Recognition of what constitutes a "unit-

character" in a situation such as this is

obviously fraught with difficulty.

Key Innovations and the Explanation

of Differential Diversity

According to recent studies, features of

the pharynx may have had important con-

sequences for the morphologic and taxic

diversity of the Labroidei (e.g., Lauder,
1983; Liem, 1973, 1980; Liem and Osse,

1975; Liem and Sanderson, 1986). Early

suggestions that the acquisition of a novel

structure (e.g., an LPJ suspended by a mus-
cle sling) could profoundly influence the

subsequent evolution of a lineage usually

involved the idea of the novel feature al-

lowing entry into a new adaptive zone (e.g.,

Mayr, 1963; Simpson, 1944, 1953, 1959).

Subsequent radiation in an arena of re-

duced competition gave rise to diverse

and/or speciose lineages, the success of

which could then be attributed to the ac-

quisition of the unique feature character-

izing them. The importance of such an
"adaptive breakthrough" in transpecific

evolution and the origin of higher taxa has

been repeatedly stressed in subsequent ex-

planations of organismic diversity (and

enhanced speciation?) (e.g., Jaanusson,

1981; Liem, 1973, 1980; Miller, 1949;

Stanley, 1968). A plethora of names for

this "distinctive sort of adaptation"
(Simpson, 1953) is available (e.g., key ad-

justments, key inventions, key evolution-

ary novelties, major adaptive innova-
tions). For ease of discussion we will follow

Lauder (1981) in adopting the term key
innovation (KI).

Most recently, in a pair of perceptive
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and insightful publications Lauder (1981,

1982a) critically analyzed the key inno-

vation concept. His primary criticism, with

which we concur, is that a hypothesis that

a structure plays a "key" (causal?) role in

the subsequent evolution of a lineage is

untestable within the framework usually

proposed. If an evolutionary novelty is in-

deed unique, how can any hypothesis re-

garding its importance be tested by com-
parison with its influence in independent
circumstances? Unique events do not al-

low a critical analysis of their conse-

quences.

As a solution to this dilemma, Lauder
(1981, 1982a) suggested that general at-

tributes (emergent organizational proper-

ties) of unique features be sought, so that

the consequences of these general features

can be compared in both closely related

and distantly related taxa. In this sense, it

is not only the particular physical features

located in compared taxa that are the pu-

tative KIs but also the general or emer-
gent properties resulting from them. Lau-
der provided us with a method to bypass

the evolutionary "uniqueness" of specific

morphologies by concentrating attention

on general, and thus comparable, prop-

erties. As an example of such a general

property, Lauder (1981) discussed the de-

coupling of primitively constrained sys-

tems and its possible consequences on the

subsequent evolution of a taxon. Precisely

such a functional decoupling between
buccal and pharyngeal jaws, following key
innovational pharyngeal specialization, is

proposed to have played a central role in

the extensive trophic diversification of

cichlid fishes (Liem, 1973; Liem and Osse,

1975). The development of a highly in-

tegrated PJA (later found to characterize

the Labroidei as a whole, see pages 273-
288), and the subsequent freeing of the

buccal jaws from a major role in food
preparation prior to deglutition (Liem's

second major function), is held to have
resulted in an extreme specialization of the

buccal apparatus.". . .The release of the

restricting influence of the second major

function resulted in the emergence of nu-

merous specializations of collecting mech-
anisms dealing with dramatically diverse

foods." (Liem, 1973: 41). The resultant

ability of the clade to exploit a great va-

riety of trophic resources is considered to

be of central importance in cichlid trophic

diversification, ecological predominance,
and explosive speciation (e.g.. Fryer and
lies, 1972; Greenwood, 1974, 1984; Liem,
1973, 1980). If this particular PJA config-

uration was indeed an unique evolution-

ary novelty then no comparison of its ef-

fects in other clades would be possible and
its consequences could not be assessed (but

see discussion of the beloniform parallel

on pages 310-312). However, as decou-
pling is a general or emergent property

transcending the features of any particular

system, one can legitimately look else-

where for clades that exhibit comparable
structural and/or functional decoupling. A
relationship between decoupling and, for

example, morphological diversity between
terminal taxa of both clades can now be
sought. Following Lauder (1981, 1982a;

Liem and Wake, 1985), one may pose the

relational hypothesis that the emergence
of a general property (Z in Fig. 21A) has

consequences for the diversity of terminal

taxa (A-D in Fig. 21A). The proposed

method of testing this hypothesis is the

repeated assessment of diversity (or what-

ever parameter is being judged) within and
between unrelated lineages also possessing

this general property (Z' and Z", Fig. 21A).

If no relationship between the presence of

this property and a particular pattern is

found, the hypothesis is rejected.

However, if such a comparative test is

to be meaningful, one cannot directly

compare attributes of the taxa in which
the putative KIs occur. Diversity (like

species richness) is a relative term and if

a clade or set of clades is to be considered

diverse (or speciose), this determination

can only be made with respect to some
meaningful standard of comparison. A
consideration of the phylogenetic context

of each taxon provides the only meaning-
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ful standard for comparison. As is implicit

in Hennig (1966: 225) and Lauder (1981,

1982a), it is the sistergroup of the taxon

possessing the putative KI that provides

the standard by which diversity (or species

richness) may be judged (see also excellent

discussion in Cracraft, 1981b, 1982).

Wewould like to emphasize the need
for comparison between the clade pos-

sessing the putative KI and its sistergroup

lacking it (A-D/X in Fig. 21B) in assess-

ments of diversity or species richness. Ac-

cordingly comparisons of species number
(or diversity) are made between clades that

have equivalent histories up to the time
of their divergence. They are of equal

age, began with equivalent developmental
programs, and differ only in those fea-

tures arising (or re-emerging) after their

divergence. In these important features

then, the sistergroup is the closest approx-

imation we have to what the lineage un-

der consideration would be like had it not

developed the KI (and other evolutionary

novelties characterizing it). As illustrated

by Figure 21B, testing of hypotheses re-

garding the role of a key innovation be-

comes a two step process. Step one (Fig.

21B) provides a measure of the relative

diversity of the taxon possessing the pu-

tative KI (A-D in Fig. 21B) and its sister

group (X in Fig. 21B). In the second step

(step 2 in Fig. 21 B) relative diversities are

then compared between independent lin-

eages in which comparable key innova-

tions have arisen (Step 2 in Fig. 21B: E-
H to X' versus 1-L to X"). In this way
possibly confounding historical factors are

held to a minimum and the relative na-

ture of the term diversity (or species rich-

ness) is acknowledged and, as far as is pos-

sible, is accounted for (but see discussion

on pages 312-313).

In past considerations of the key inno-

vation concept it is frequently unclear

what exactly the concept is meant to ex-

plain. A key innovation is frequently in-

voked to account for the success of a lin-

eage, but many properties might be used
to characterize a particular lineage as suc-

cessful. For example, enhanced speciation

rates, reduced extinction rates, or mor-
phological diversification are all perfectly

reasonable criteria of particular kinds of

success. In discussions or hypotheses of a

key innovation, species richness and mor-
phological diversity are often used inter-

changeably or treated as if they are so

closely related as to render distinction un-
necessary. While it may frequently be the

case that morphological differentiation is

the by-product of the speciation process,

it is by no means necessarily so, as is evi-

denced by the well-documented phenom-
enon of sibling species (Mayr, 1976;
McKaye et al., 1982). Nor is it necessarily

the case that morphological diversity

within a lineage can be explained simply
as the sum of differentiations accompa-
nying speciation (Simpson, 1944, 1953).

Even if morphological diversity is the pro-

posed outcome of the origin of a key in-

novation, it must also be clearly specified

what types of features are in fact diver-

sifying. Is it the specific morphological
complex involving the key innovation or

the organism as a whole that is supposed
to undergo change? Any test of the effect

of structural features or their emergent
properties on the evolution of a lineage

will require an explicit prediction of the

nature of the consequences of their pres-

ence.

The need to precisely specify the na-

ture of the predicted consequences of a

key innovation is clearly evident when we
consider the development of a pharyngeal
muscle sling and Liem's (1973) hypothesis

of its effect on subsequent evolution. As
described on pages 274-266, within the

Beloniformes, one finds a striking mor-
phological parallel between the configu-

Figure 21. Testing of relational hypotheses involving correlations betw/een the possession of emergent features (Z) and the

resultant properties of groups. A. After Lauder (1981); B. Test incorporating Initial intracladal sistergroup (X) comparison (step

1 )
prior to intercladal comparison (step 2). (see page 31 for further explanation of figure).
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ration of the PJA of labroids (Fig. 6) and
that of the Exocoetoidea (Fig. 2). In these

fishes (the Hemiramphidae and Exocoe-
tidae) the fourth levator externus muscle
(and a portion of the levator posterior) form
a muscle sling supporting the fused fifth

ceratobranchial elements. In addition, the

dorsal musculature (particularly the trans-

versus dorsalis posterior) is reduced and
the articulatory facets of the third pha-

ryngobranchials are exposed to form a

diarthrosis with a well-developed neuro-

cranial apophysis (Fig. 2E). The Scom-
berescoidea lack these features although,

like the Exocoetoidea, they possess a com-
pletely united LPJ in which no trace of a

median suture is evident. The LPJ also

bears a well-developed median keel onto

which the transversus ventralis muscle in-

serts.

The fortuitous morphological mirroring

of aspects of the labroid PJA by that of

non-adrianichthyoid beloniforms allows at

least one test of the evolutionary conse-

quences of a putative key innovation in

these phylogenetically disparate assem-
blages. However, for this test to be un-

ambiguous we need a clearly stated hy-

pothesis of the consequences of the key
innovation. For example, if our prediction

is increased species number, we find that

the Exocoetoidea is indeed more success-

ful than its sister lineage, the Scombere-
socoidea (Fig. 7; 135+ species in the

Exocoetoidea versus 36 species in the

Scomberesocoidea, Nelson, 1984). This

would seem to support the hypothesis of

this particular pharyngeal configuration

being key to the taxic success of a lineage.

Likewise, if diversity of the trophic ap-

paratus as a whole is the predicted out-

come, then the wide range of tooth mor-
phologies of both the PJA and the buccal

jaws found in the Exocoetoidea relative to

the Scomberesocoidea (Collette, 1966,
1974, 1976; Parin, 1961) would lend sup-

port to this hypothesis. However, the

Scomberesocoidea exhibits a far greater

diversity of LPJ form (but not dentition)

than does its sister lineage (e.g., compare

figs. 2, 3 of Collette, 1966 with fig. 16 of

Parin, 1961). In this respect, the Exocoe-
toidea can be considered to lack signifi-

cant diversity, indicating that the devel-

opment of a muscle sling has not resulted

in an overall pharyngeal diversification.

Thus it would seem that clarification and
explicit statement of the proposed conse-

quences of the development of the key
innovation are a necessary prerequisite for

the generation of hypotheses about gen-
erality of effects and the role of KIs in

evolution.

Despite the methodological refinement
of Lauder's scheme outlined here (Fig.

21 B), rigorous testing of historical hypoth-
eses still presents difficulties. Even given

a reasonable number of independent
clades in which to conduct comparisons,

it seems unlikely that comparisons of lin-

eages sharing a putative KI with their re-

spective sistergroups (the first step in our
analysis) will always lead to unambiguous
statements regarding the role of those in-

novations in, for example, cladogenesis. If

our hypothesis is that the presence of a

key innovation is somehow implicated in

enhanced speciation rates (or morpholog-
ical diversification), this would be refuted

by finding a clade with a comparable key
innovation which is depauperate relative

to its sistergroup. However, the question

immediately arises as to how comparable
these sister lineages are with respect to the

suite of extrinsic factors acting upon them
after their origin (see also Cracraft, 1982).

Any differences in species richness or

morphological diversity found in the two
clades might as easily be the result of

differences in their habitat (e.g., estuary

versus coral reef), vicariant history (e.g.,

mid-ocean versus shallow lake basin), later

behavioral developments, and so on. Al-

most inevitably there will be many ways
in which the factors affecting species rich-

ness or diversity will differ due to the in-

dependent histories of sister lineages sub-

sequent to their phylogenetic origin.

Likewise, the second phase of the anal-

ysis (i.e., comparison of independent clades
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within which the key innovation arises;

step 2 in Fig. 21 B) presents its own diffi-

culties. It might not be the case that the

same evolutionary "novelty" or property

will have equivalent effects when arising

in different phylogenetic contexts. How
likely is it that two different lineages, each
with its own intrinsic morphological con-

straints, developmental pattern, etc. will

respond in the same way to the appear-

ance of the "same" evolutionary novelty

or property? While each appearance of

the evolutionary novelty would indeed be
independent, it might not be comparable
because the innovation would, in each
case, appear against a unique historical

background, a set of existing functional

constraints, and would be subject in the

course of subsequent evolution to a unique
set of extrinsic factors. The consequences
of, for example, decoupling in one com-
ponent of the trophic apparatus (e.g., the

buccal jaws) may be very different, de-

pending on the limitations imposed by
primitive constraints on other components
of the trophic apparatus (e.g., pharyngeal
jaws). While the first step of the analysis

would not be affected, since the network
of constraints would be primitive for both

taxa (A-D and X; Fig. 21B), the nature of

the constraints affecting independent taxa

(E-H to X' vs. I-L to X"; Fig. 21B) might
differ greatly and thus have different in-

teractions with the putative key innova-

tion. Even if an innovation may be impli-

cated in cladogenesis (e.g., Stanley, 1975)

or diversification in one case, in another

case it might arise in a context in which
pre-existing functional networks or sub-

sequent environmental influences are so

constraining as to overwhelm its role in

diversification or cladogenesis. Thus, as-

sertions about the influence of key inno-

vations, even when situated in a strictly

phylogenetic framework, run the risk of

being reduced to particularistic explana-

tions about unique events in an unique
historical arena.

Despite the problems alluded to above,
we concur with Lauder (1982b: 66) that

"The key to discovering the limits to de-

terministic explanation in the historical

record will be the extent to which general
historical pathways in the transformation
of biological design are revealed by a phy-
logenetic analysis of structural and func-

tional patterns." The structural approach
to historical patterns advocated by Lauder
renders phylogeneticists with a method
with which to begin that search. Discov-
ery of such general historical pathways will

have profound implications regarding the

nature of the evolutionary process.
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APPENDIX 1

Taxa/Character

Plesiomorphic

Cichlidae

Embiotocidae
Labridae
Pomacentridae

The characters are:

Data Matrix Used in Character Analysis

12 3 4 5 6 7 9 10 11 12 13 14 15

00000000000000000000000001110111100001110001111111111111110 1111111100000010

LPJ with no trace of a central suture, and with pharyngeal teeth implanted directly

over the midline.

Urohyal articulates with basibranchial one.

Absence of musculus cranio-pharyngobranchialis 2 muscle.

LPJ "Y-shaped" with short body and elongate lateral horns.

Obliquus ventralis IV and rectus ventralis V insert separately onto the semicircular

ligament system.

Basibranchial one bears a large keel-like ventral extension.

Uroneural fused with the urostyle.

Second pharyngobranchial toothplate absent.

Fourth upper toothplate either markedly reduced or entirely lacking.

Interarcual cartilage absent.

Reduced number of caudal epurals.

12. Two or fewer predorsal bones.

13. Endopterygoid shelf absent and adductor arcus palatini inserts onto medial face

of the suspensorium.

14. Extrascapular bone fused to the parietal.

15. Hemal arch of the antepenultimate caudal vertebrae fused with the centrum.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.
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APPENDIX 2

Abbreviations Used in Figures

ADS Adductor 5

ART.Z Articulation zone

BBl-4 Basibranchiai 1-4

BHY Basihyal

CBl-5 Ceratobranchial 1-5

CL Cleithrum

CT Connective tissue

"EHR" "Epihemal ribs"

EPl-4 Epibranchial 1-4

EPR Epipleurals

INTARC.C Interarcual cartilage

HBR Hypobranchial
L.BB3/UHY Basibranchial3/uro-

hyal ligament

LE4 Fourth levator exter-

nus muscle

LE4 + OP Fourth levator exter-

nus and obliquus pos-

terior

LP Levator posterior mus-
cle

LPJ Lower pharyngeal jaw

LT. HORN Lateral horn
OBL IV Obliquus ventralis IV
OP Obliquus posterior

muscle
MC. P2 Cranio-pharyngo-

branchialis 2

MT. E2 Transverse epibran-
chialis 2

MT. P2 Transversus pharyn-
gobranchialis 2

NC. AP Neurocranial apophy-
sis

PBl-3 Pharyngobranchial 1-3

PB3-TP Pharyngobranchial 3

toothplate

PB2-3-TP Toothplate of PB 2-3

PB3-FC Articulation facet of

PB3
PHC.E Pharyngocleithralis

externus

PHC.I Pharyngocleithralis

internus

PHY Pharyngohyoideus
PR Pleural rib

REC.V Rectus ventralis V
SEMICIRC.LIG Semicircular ligament

system

tAi Tendon of Ai division

of adductor mandib-
ulae

TDP Transversus dorsalis

posterior

TV IV-V Transversus ventralis

IV-V
UHY Urohyal

UP4 Fourth upper tooth-

plate
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SYSTEMATICSANDLEVELS OF COVARIATION IN CERION
FROMTHE TURKSANDCAICOS ISLANDS

STEPHENJAY GOULD^ANDDAVID S. WOODRUFF^

Abstract. Cerion, the most morphologically di-

verse of all pulmonate genera, has been vastly over-

split in such a way that existing names form an in-

coherent pattern of variation within and among
islands. Wehave reduced the 300-odd taxa of north-

ern Bahamian Cerion to a half-dozen species with

consistent and predictable distributions. This study

represents our first attempt to apply our ecogeograph-

ic and biometric methods to the different Cerion

fauna of the southeastern Bahamas.
The dozen available names, inconsistently distrib-

uted about the islands of the Turks and Caicos banks,

reduce to three valid species: Cerion regina, present

on all islands as Turks and Caicos representative of

the "tapering morphotype," the predominant and
characteristic Cerion of this entire region; C. leivisi,

a Cuban migrant restricted to islands of the western

Caicos Bank; and C. blandi, misattributed to the C.

glans complex in the past, but actually an immigrant
population of the C. (Umbonis) stock, confined to

Salt Cay on the Turks Bank and hybridizing with

local C. regina.

Biometric patterns based on factor analyses of mean
vectors for all samples reveal order without exception

at a series of descending levels. Clustering of samples

can be interpreted as results of meaningful patterns

in covariance among measures defining the axes. At

the most inclusive level of all samples on all islands,

each of three principal axes captures the distinctive

morphological features of a taxon. Therefore, axes

reflect taxonomic diversity and the contingent his-

tories of migrations. At the next lower level of vari-

ation (among samples within C. regina on all islands),

island groups are distinguished by patterns of co-

variation that express developmental rules of growth
and allometry within a coherent Cerion ground plan,

not the accidents of history revealed in the higher-

level analysis among taxa. A smooth morphometric
cline, connecting all islands of the Caicos Bank, unites

the two major taxa of previous interpretation into a

continuous array, and forms the basis for our decision

' Museum of Comparative Zoology, Harvard Uni-

versity, Cambridge, Massachusetts 02138.
- Department of Biology C-016, University of Cal-

ifornia, San Diego, La Jolla, California 92093.

to synonymize all samples of the tapering morpho-
type as C. regina. At a third level of variation (C.

regina within our best-sampled island of South Cai-

cos), we detect coherence based upon geometric con-

straints of growth for any coiled shell. Finally, spec-

imens within samples follow similar patterns of

covariance, indicating that general rules of growth
apply to the conceptually different styles of within-

and among-sample variation.

I. The Problem and Promise of Cerion

Copious variation in genetically-resolv-

able patterns of shell coloration has se-

cured for several pulmonate genera the

status of evolutionary "classics" (Cain and
Currey, 1963 on Cepaea; Crampton, 1916,

1925, 1932 and Murray and Clarke, 1980
on Partiila; Gulick, 1905 and later studies

on Hawaiian Achatinella, for example).

Yet, although remarkable variation in

morphology also distinguishes several pul-

monate genera from most other mollusks,

this source of insight has not been well

exploited by evolutionary biologists —in

part because the classic genera for studies

of color are not particularly variable in

form.

Cerion, a widespread West Indian land

snail favoring coastal, carbonate sub-

strates, may be the most morphologically

diverse of all pulmonate genera, with vari-

ation in shell height from 5 to 70 mm, and
in shape from pencils to golf balls. We
understand the formal basis for this geo-

metric diversity (Gould, 1984b; Gould and
Woodruff, 1986; Woodruff and Gould,

1980), but little of its genetic and devel-

opmental foundation. The potential for

such unparalleled diversity arises from two
aspects of growth: first, the complex, ba-

Bull. Mus. Comp. Zool, 151(6): 321-363, September, 1987 321
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sically tripartite allometry of all Cerion
ontogenies (a juvenile button or triangle,

followed by an adult "barrel" with little

increase in width accompanying major

growth in height, and a final change in

coiling before secretion of the definitive

adult lip); second, the ordering of growth
patterns into several interacting but mu-
tually dissociable covariance sets of coor-

dinated characters. This complex allome-

try provides great scope for translating

small heterochronic effects into major

changes in adult form, while the potential

independence of covariance sets enjoins

both forced correlations within sets (fur-

ther translating small inputs into complex
outputs) and substantial play for novel

combinations (by independent change be-

tween sets). Cerion, in short, is a premier
subject for students of form.

Yet Cerion' s promise has been impeded
by two related "myths" propagated by its

traditional literature (particularly May-
nard, 1889; Maynard and Clapp, 1919-

26). First, Cerion' s extreme lability in form
has inspired the construction of a bloated

taxonomy of some 600 taxa, about half

from the Bahamas where we have con-

centrated our studies (see Clench, 1957).

Nearly all named taxa of Cerion hybridize

freely, and few genuine biological species

exist. The second Cerion myth holds that

the geographic distribution of these for-

mally designated taxa forms a basically

incoherent spread, implicating capricious

and distant transport by hurricanes as the

primary mode of colonization. Admitted-
ly, the placement of existing names on maps
implies chaos of this sort, but the tradi-

tional taxonomy is fundamentally erro-

neous (Gould and Woodruff, 1978, 1986,

for example).

Wehave been studying the systematics

and biogeography of Bahamian Cerion for

more than a decade (see literature cited)

and have been able to refute these two
myths by systematic revision and synon-

ymization of invalid taxa. In our simplified

system of biological taxa mapped and stud-

ied in the field, the chaos of traditional

names breaks down to be replaced by clear

order and stable pattern, temporally and
spatially, in the distribution of Bahamian
Cerion among islands.

We have detected order at two basic

levels of variation, and have portrayed this

coherence primarily by the study of co-

variance sets, or groups of characters cor-

related by the general geometries of snail

growth and the particular allometries of

Cerion. Wefind, first, sensible order with-

in taxa, based upon dines defined geo-

graphically (Gould and Paull, 1977 for C.

striatellnm) or ecologically (Gould and
Woodruff, 1986 on dwarfing in C. giiber-

natoriiun), or upon small-scale but dis-

continuous differentiation among islands

(Gould and Woodrufl^, 1978 on C. bendalli

in Abaco and Grand Bahama; Gould, 1984a
on C. iwa in Aruba, Bonaire and Curasao).

Second, we have demonstrated consistency

in the distribution and interaction of taxa

within regions. We find the same forms

(or "morphotypes," for we do not know
their genealogies) in the same settings from
island to island within regions ("ribby"

Cerion on bank-edge coasts, and "mot-
tled" Cerion on bank-interior coasts and
island interiors on all major islands of the

northern Bahamas, Gould and Woodruff,
1978, 1986). Whenanomalous taxa invade

regions, they occupy restricted areas su-

perimposed upon the underlying predict-

ability of indigenous forms (for example,

incursions of the subgenus C. (Unibonis)

into bounded portions of the "ribby" coast-

al range on eastern Andros, Cat and Long
Islands).

II. A Strategy of Research

Wehave reached the half-way point in

our systematic and evolutionary revision

of Bahamian Cerion. Wehave studied all

major islands of the northern Bahamas
(Little and Great Bahama Bank) and have
found on each of the eight primary ter-

ritories (Grand Bahama, Abaco, Andros,

New Providence, Eleuthera, Cat, Exuma,
and Long Island) the same basic distri-

bution of bank-edge (usually east coast)
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"ribby" and bank-interior (usually west

coast) "mottled" Cerion described above
(see Gould and Woodruff, 1986 for sum-
mary). In addition, at least two islands (Cat

and Eleuthera) harbor relict populations

of the major Sangamon taxon from the ca.

120,000 year b.p. dunes of these islands

—

smooth, white, thick-lipped C. agassizi.

Finally, a few local incursions of other taxa,

usually of the subgenus C. (Urnbonis), have
been recorded. The identification of this

consistent pattern has permitted us to re-

duce the bloated taxonomy of Bahamian
Cerion by more than half, synonymizing
some 300 invalid names to a half-dozen or

so biological species.

Wenow extend this program to the gen-

uinely different Cerion faunas of the

southeastern Bahamas (Inagua, Maya-
guana, Crooked-Acklins, and the geo-

graphically linked though politically in-

dependent Turks and Caicos). The major
difference between the two regions is ev-

ident by inspection of museumcollections.

Whereas the ribby-mottled distinction un-

locks the northern Bahamas, the main Ce-
rion morphotype of the southern Bahamas
is an ovate-triangular, generally smooth
and white form known by a plethora of

names—C. cohinina and C. christophei on
Inagua, C. regiiun on Castle Island, C.

piratarum on Mayaguana, C. regina on
Grand Turk, C. caicosense on South Cai-

cos, for example —but sufficiently similar

from place to place to provoke a strong

suspicion that their underlying unity might
provide a key to the southern region. This
study is a first attempt to apply the meth-
ods that we used successfully in the north-

ern Bahamas to the different fauna of the

southern islands, in particular to variation

within the "tapering" morphotype (as we
shall call it).

Wechoose the Turks and Caicos islands

for this first attempt for two reasons. First,

these banks are, geographically speaking,

the eastern outliers of the Bahamian com-
plex. Their Cerion faunas are simpler than
those of larger, more central islands like

Inagua. Wehave had success in our pre-

vious work by beginning with sparser fau-

nas of peripheral areas (Gould and Paull,

1977; Gould, 1969a, 1984a) and working
towards greater, central complexity (Gould
and Woodruff, 1986). Second, several

names have been applied on various is-

lands of the Turks and Caicos to popula-
tions that may all belong to the tapering

morphotype. If we can resolve the current

set of unrelated names into a pattern of

coherent variation, then we may hope that

the southern Bahamas will also yield to a

replacement of taxonomic chaos by bio-

logical order. In this case, a revision of the

entire Bahamian Cerion fauna will be
within our grasp.

III. The Current Status of the Turks and
Caicos Cerion Fauna

The available nomenclature for Turks
and Caicos Cerion provides an excellent

example of the systematic problem (sys-

tematic, that is, in both technical and ver-

nacular senses) besetting this genus. The
Turks and Caicos, spared visits by the most
ardent splitters among Cerion aficionados,

are relatively "underrepresented" by Ce-
rion species. Clench's (1957) catalogue lists

nine taxa, and two have been added since

(Clench, 1961). The existing descriptions

give no hint of any order or pattern in the

distribution of these supposed taxa on the

various islands.

The first eight names were bestowed by
Pilsbry and Vanatta in their short paper
of 1895 and their catalogue of 1896. Pils-

bry, impressed by Maynard's demonstra-
tion that the internal teeth and lamellae

of Cerion shells had taxonomic value, en-

gaged Vanatta to section shells in the ex-

tensive collection of the Academy of Nat-

ural Sciences of Philadelphia. He thought,

in so doing, that he had "brought to light"

many new species. In particular, he dis-

tinguished for the first time a "Turk's Is-

land" (1895, p. 208) species of Cerion from
other taxa of the tapering morphotype. He
named this first Turks and Caicos species

C. regina (1895, p. 208), distinguishing it

from C. columna of Inagua by its more



324 Bulletin Museum of Comparative Zoology, Vol. 151, No. 6

triangular profile (C. columna, as its name
implies, is more parallel-sided); from C.

regiiim of Castle Island by its smaller size

and less thickened apertural lip (as com-
pared with the thick lip of C. regium, de-

scribed in a disparaging and mildly racist

manner by Pilsbry and Vanatta as "a lip

of quite Ethiopian characteristics"); and
from C. lentiginosum and C. album of

Rum Cay by its smoother shell (for the

RumCay species are costate on their early

whorls). Pilsbry and Vanatta then named
five subspecies of C. regina, in order (pp.

208-209) as C. r. percostatum for ribbed

shells; C. r. comes (literally, the pretty

queen) for shells "heavily streaked and
blotched with chestnut brown"; C. r. Swif-
tii for smaller, thinner and more triangular

shells; C. r. eucosmium for smooth, glossy

shells with livid, pinkish-brown streaks; and
C. r. brevispira for short, compact shells.

All these names were applied to shells from
"Turk's Island," presumably Grand Turk
of modern nomenclature. All names refer

to common variants of color, ribbing, and
size (with engendered covariances in shape)

now recognized as the major and pervasive

paths of variation throughout the genus.

Pilsbry and Vanatta then recognized a

second species from "Turk's Island " as

Cerion incanoides (1895, p. 209). They
noted that "this species belongs clearly to

the group of C. regina, lentiginosum, etc."

(loc. cit.), but established a separate taxon

to recognize the thin and smooth shell of

this form. Wedo not understand why they

made this distinction because, at least to

us, collections of C. incanoides differ no
more from C. regina than do several of

the C. regina subspecies among them-
selves.

In their 1896 catalogue, a landmark at-

tempt to systematize the entire genus, Pils-

bry and Vanatta listed the Turks and Cai-

cos taxa included under and allied with

Cerion regina. They then named, as C.

hlandi (1896, listed on p. 324, described

on p. 334), a genuinely different Cerion
from this region. They included this thick

and solid, small to medium sized, cylin-

drical rather than triangularly shaped, and
strongly ribbed shell in the group of Ceri-

on glans, the typical ribby Cerion of the

northern Bahamas. In so doing, they made
an interesting error. C. hlandi, confined to

small Salt Cay of the Turks group, rep-

resents an incursion of the distinctive sub-

genus C. (Umbonis) that has hybridized

to varying degrees with C. regina stocks.

C. (Umbonis) has distinctively wavy ribs

and incised spiral lines, but these charac-

ters are often muted in hybrid forms. In

particular, as in C. felis of Cat Island and
C. glans irregidare of northern Andros
(both hybrids between an umbonid and C.

glans), most specimens lack the incised

lines and bear strong ribs only moderately

wavy. In this "diluted" state, shells of C.

blandi do superficially resemble standard

ribby Cerion. Indeed, Pilsbry and Vanatta

glimpsed the true status of C. blandi in

adding to the end of the description: "but

the ribs are conspicuously different, pe-

culiarlv rough and imfinished, somewhat
like C. felis" (1896, p. 334). C. felis is a

C. (Umbonis) hybrid from Cat Island.

In 1937, Clench described the first Ceri-

on from the Caicos islands, establishing the

new species, C. caicosense. Clench rec-

ognized its allegiance with C. incanoides

and the C regina group, but felt that

smaller size, whiter color, and proportions

of the apertural teeth (parietal smaller and
columellar longer) warranted a new
species. Weshall show that the Caicos pop-

ulations, particularly from South Caicos,

are distinct biometrically, but for none of

the reasons identified by Clench, since all

his differentia show overlap with mean
values from Turks island populations.

In 1961, Clench wrote a summary paper

on land shells of the Turks and Caicos. He
properly lumped all previous names for

the C. regina group, except his own C.

caicosense, into C. regina itself (1961, p.

250), not primarily for morphological rea-

sons, but because all had been described

from Grand Turk, and the necessary cri-

terion of geographic distinction for sub-

species had not therefore been met. He
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retained C. caicosense primarily for its

geographic separation.

Clench then added two new taxa. First,

he described as C. utowana abhotti (1961,

p. 251) shells from several islands on both

Turks and Caicos banks that differed from
C. regina primarily in the parallel-sided,

rather than tapering form of the adult shell.

This decision baffles us for two reasons.

First, we do not know why he designated

these shells as a subspecies of the East Plana

Cay form C. utowana since its relation-

ships, to us at least, seem so clearly with

the local C. regina forms. Our biometric

work, based on characters that Clench used

to distinguish this taxon, places these pop-

ulations squarely within the C. regina field

(see section VI C). Second, we do not un-

derstand why he distinguished this taxon

at all since several populations within C.

regina share this morphospace in the com-
mon continuum from quite triangular to

quite cylindrical shells.

Clench then designated as C. lewisi

(1961, p. 255) an uncontestably different

Cerion from several islands in the north-

western Caicos. This very thin, strongly

mottled, cylindrical, smooth shell looks

nothing like any other Turks and Caicos

Cerion, yet cannot be distinguished con-

chologically from the highly distinctive C.

lepidum from nearby parts of Cuba. We
do not doubt, as Clench also concluded,

that C. lewisi is a Cuban emigrant restrict-

ed to a few islands of the Caicos Bank.

The existing taxonomy therefore leaves

us confused. C. hlandi (an umbonid in-

cursion probably phasing itself out by hy-

bridization), and C lewisi (a Cuban
emigre) are distinct and locally restricted

products of probably recent immigration.

The prevalent local form, the tapering

morphotype that gives the southern Ba-

hamas its Cerion "signature," now carries

four species names of uncertain status.

Pilsbry and Vanatta's C regina has prior-

ity, but C. incanoides (though synony-
mized with C. regina by Clench) also re-

fers to Turk Island forms. C. caicosense

has been applied to Caicos island popu-

TURKS
ISLANDS

30 MILES

Figure 1. Islands of the Turks and Caicos banks. Turks: 1,

Grand Turk. 2, Long Cay. 3, Salt Cay. Caicos: 1 , West Caicos.

2, Providenciales. 3, Pine Cay. 4, Water Cay. 5, Parrot Cay.

6, North Caicos. 7, Grand Caicos. 8, East Caicos. 9, South

Caicos.

lations, but the basis of its distinction re-

mains unclear. Finally, C. utowana ab-

hotti has been described from both banks,

but with no evident differences from the

C. regina incumbents. Moreover, no one
has ever claimed any consistent or simpli-

fying pattern in the geographic distribu-

tion of the C. regina complex in the Turks
and Caicos islands. A resolution of Cerion
on these banks must evidently center on a

proper characterization and mapping of

morphological differences within the C.

regina group.

IV. Materials and Methods

Wehave based our systematic revisions

of Cerion on biometric and genetic studies

of animals collected personally in the field

as we map the ecologic and biogeographic

distribution of Cerion. (We have often, as

here, augmented our own material with

samples from Museum collections repre-

senting populations no longer extant or dif-

ficult of access.) In May-June, 1978, we
visited the Turks and Caicos to study the

geographic and ecological distribution of

variation in the tapering morphotype. We
collected extensively on South Caicos, sam-
pling every population that we could lo-

cate; we then sampled less fully on the

largest and most distant island of the Cai-

cos Bank (Providenciales), and on the ma-
jor island of the Turks Bank (Grand Turk).
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Figure 2. Representative specimens of the tliree Cerion taxa of tfie Turl<s and Caicos. Left, C. reglna from South Caicos, our

sample 753. Middle, C. lewisi horn Parrot Cay, Caicos Bank, MCZNo. 221566. Right, C. to/and/ from Salt Cay, Turks Bank,
MCZNo. 220913. Note characteristic C. (Umbonis) features of C. blandi: wavy ribs and incised lines perpendicular to the ribs.

The C. regina specimen is 34.0 mmhigh.

We used 29 of our own samples for our
morphometric analysis, 23 living and six

subfossil. These include 19 from South Cai-

cos (14 living, five subfossil), seven from
Grand Turk (six living and one subfossil),

and three from Providenciales (all living).

Wethen selected 32 additional samples
for biometric analysis from the collections

of the Department of Mollusks at the Mu-
seum of Comparative Zoology. These in-

clude 15 samples of the tapering morpho-
type (13 from islands that we had not

visited, and two from South Caicos —the

paratypes of C. caicosense, and C. uto-

wana abbotti, both taxa that we regarded
as ripe for synonymy). In addition, we

measured ten samples of C. blandi and its

hybrids with tapering forms, all from Salt

Cay on the Turks Bank, and seven samples
of C. lewisi from the western Caicos (West
Caicos, Providenciales, Pine Cay, Water
Cay, Parrot Cay and Ft. George's Cay).

Thus, our set of 62 samples represents all

taxa (including types and paratypes, where
available), on all islands of their recorded

and available distribution. Samples are list-

ed individually in the appendix with their

field or museum numbers and their loca-

tion. Figure 1 shows the islands of both

banks, while Figures 2 and 3 display the

range of form within the Turks and Caicos

Cerion fauna (Fig. 2 the contrast among
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Figure 3. Representative specimens for variation v^ithln C. regina. Top row, the three islands represented In our personal
collections. Left, South Caicos from sample 753. Note the relatively squatter apex —the key defining feature of South Caicos
populations. Middle, more aplcally pointed, finely ribbed and mottled specimen from Provldenclales, sample 771. Right, large

and apically pointed specimen from Grand Turk, sample 781. Bottom row, representative specimens from paratype samples of

two other designated species from South Caicos, both In our view synonyms of C. regina. Left, C. caicosense. Right, C. utowana
abbotti. The upper row left specimen Is 33.5 mmhigh.

the three recognized taxa; Fig. 3 the range

of variation within the tapering morpho-
type, here treated as a single species C.

regina).

For the biometric analysis, we selected

20 adult specimens at random from each
sample and measured, for each shell, 18

characters and four additional derived ra-

tios; this study therefore rests upon more
than 20,000 direct measurements upon
some 1,200 specimens in 61 samples. We
have followed the protocol for measure-
ment and analysis used in our recent work
(especially Gould and Woodruff, 1986, ex-

plained more fully in Gould and Wood-
ruff, 1978), and will not repeat the details

here. Table 1 describes and lists the char-

acters, and Figure 4 displays the points for

measurements of the aperture and last

whorl. The 22 measures used here include

19 of our previous set of 21 (excluding

number of ribs on the 4th and 6th whorls

because smooth shells of the tapering mor-

photype lose their juvenile ribs by this

stage), plus three basic indices of shell shape

(height to width ratios of the protoconch,

of the final adult shell, and at the end of

the fourth postprotoconch whorl) found
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Table 1. Brief desc:ription of measures used in

THIS STl'DY (given IN ORDEROFARRAYIN SUBSEQUENT
tables).

1. PROWID
2. FOURWID

3. NUMWHO

4. RIBDENS

5. LENGTH
6. WIDTH
7. PROHT
8. FOURHT

9. FRSXHT

10. UMBWID

11. LIPWID
12. LIPTHK
13. APHT

14. APWID

15. APROT

16. EC

17. FA

18. APTILT

19. WEIGHT
20. HWRATIO

21. PRORAT

22. FOURRAT

Width of the protoconch

Width of shell at the end of the

fourth whorl
Total number of whorls, count-

ing from the end of the pro-

toconch as zero

Number of ribs in 50 microme-
ter units at the end of post

protoconch whorl 1

Total length of the shell

Total width of the shell

Height of the protoconch

Height of shell at the end of

the fourth whorl

Height of shell from the end of

the fourth to the end of the

sixth whorl

Maximum width of the umbili-

cus

Maximum width of the lip

Maximum thickness of the lip

Height of the aperture AB' of

Fig. 4

Width of the aperture CDof

Fig. 4

Projecture of apertural lip be-

yond outline of previous

whorls, C"D of Fig. 4

Distance from last suture to

umbilical border of aperture,

measured perpendicular to

the suture, EC of Fig. 4

Distance from last suture to pa-

rietal border of aperture,

measured perpendicular to

the suture, FA of Fig. 4

The ratio EC/ FA, a measure of

the tilt of the aperture

Weight of the shell

The ratio of height to width of

the shell, measures 4/5
Width/height ratio of the pro-

toconch, measures 1/7
Width/height ratio of the shell

at the end of the fourth

whorl, measures 2/8

useful in our study of sinistral Cerion
(Gould, Young and Kasson, 1985). The
mean values for all measures in all samples
are given in the appendix.

Our measures are chosen to record the

major shell characters used to make taxo-

nomic distinctions, including sizes and

shapes of protoconch, adult shell, and in-

termediate whorls; size, form and orien-

tation of the aperture and umbilicus; rib-

bing and shell thickness; and size and form
of the apertural lip. Wehave also included
measures that will permit a reconstruction

of basic coiling geometries, following both
the analytical schemes of Raup (1966, for

example) and the actual, more complex
allometries of Cerion. Cerion is a nearly

ideal animal for biometric research. The
transition from protoconch to later growth
is clearly marked, providing a clear and
natural criterion for numbering whorls.

Unlike most mollusks, Cerion possesses a

definitive adult form; as growth reaches

its termination, the direction of coiling

shifts, the shell overgrows its previous

whorls slightly, and then deposits an ex-

panded and thickened adult lip, ceasing

all growth thereafter. Thus, we can mea-
sure the adult size of Cerion shells, without

confounding ontogenetic and static vari-

ation —a primary source of confusion in

most biometric studies of snails.

Two aspects of our research program
suggest a factor analytic approach as most
appropriate for our analysis: first, because
we wish to explore the distribution of sam-
ples in the general Cerion morphospace
(rather than trying to test distinctions,

taxonomic or otherwise, previously pro-

posed); second, because our primary in-

terest in the inductive study of morphol-
ogy centers upon covariance sets, or groups

of associated characters often flagged so

well by various rotations of factor axes.

Consequently, we have portrayed each
sample by its vector of means (see appen-
dix), submitted these vectors to transfor-

mations that weight characters equally

(percent-range), normalized the vectors to

equal length (so that allometric effects will

be expressed as shape and simple size dif-

ference will not swamp more subtle asso-

ciations), and then performed our factor

analyses on the transformed matrix of mean
vectors. (Our analyses are in the less usual,

or "inverted," Q-mode format, with load-

ings as samples and scores as variables,

rather than in the more conventional
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R-mode—see justification and empirical

demonstration of equivalency between the

modes in Gould and Woodrufi^^, 1978,

1986.)

The problems presented by variation

among Cerion samples of the Turks and
Caicos may be conceptualized as a de-

scending series of levels, each posing dif-

ferent questions and capturing different

information. First, the positioning of all

samples in a general morphospace to dem-
onstrate the role of historical contingency
in shaping the fauna by bringing two al-

lochthones (the umbonid C. hlandi and the

Cuban import C. lewisi) into primary ter-

ritory of the tapering morphotype. Second,

the positioning of tapering samples within

the morphospace set by the tapering mor-
photype itself to see whether any simpli-

fication of pattern might replace the cur-

rent, chaotic taxonomy. Third, the

positioning of samples from South Caicos

alone within their own morphospace to

explore, for our best and most abundantly
sampled island, any order in local variation

that would probably be swamped by inter-

island and inter-taxon effects at the higher

two levels. Fourth, and finally, the order-

ing of specimens within samples (this last

being, of course, a break with, rather than

a smooth descent from, the previous three

levels, since it treats within-sample varia-

tion of specimens rather than between-
sample variation of mean vectors).

Weare interested not only in relation-

ships among objects (as discussed above)

but also in the associations of variables that

build major dimensions of the morpho-
space, for the covariance sets thus defined

act as constraining channels of variation

that both limit the kinds of variation ex-

pressed, and also provide opportunity for

generating large and diverse changes of

form from small inputs (via correlated

consequences). The tension between these

superficially contradictory but linked
themes of limitation and amplification de-

fines Cerion^ major interest to students of

morphology.
Wecomplemented the biometric study

with a survey of genetic variation in snails

Figure 4. Sketch showing points that define our measures of

the aperture. See Table 1

.

of the tapering morphotype. Our survey

involved more than 520 individual adult

snails representing 16 populations distrib-

uted among the islands as follows: Provi-

denciales: 2, South Caicos: 13, Grand Turk:
1. One population from South Caicos (site

758) was represented by two subsamples:

758T from a single coconut palm tree and
758 from the surrounding grass and shrubs.

In most cases the same individual animals
were used for both conchological and ge-

netic study. All samples were taken by
searching an area of typically 10 m- (a

fraction of the neighborhood size) and col-

lecting every adult encountered.

Genetic characterization was based on
an examination of individual variation in

16 proteins (Table 2) extracted from foot-

muscle tissue. Variation was detected by
horizontal starch gel electrophoresis under
conditions we have described elsewhere
(Gould and Woodruff, 1986; Woodruff,
1975). Using the BIOSYS-1 computer pro-

gram (Swofford and Selander, 1981) we
calculated allele frequencies for each sam-
ple together with measures of genetic vari-

ation including mean number of alleles per
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Table 2. Enzyme systems analyzed in Turks and Caicos Cerion.

Protein name (EC. Number) Abbreviation Conditions*

Aspartate aminotransferase (2.6.1.1)

Ceruloplasmin

Esterase a-naphthyl acetate (3.1.1.1)

General protein

Glucose phosphate isomerase (5.3.1.9)

Glyceraldehyde-3-phosphate dehydrogenase

(1.2.1.12)

Lactate dehydrogenase (1.1.1.27)

Malate dehydrogenase (1.1.1.37)

Phosphoglucomutase (2.7.5.1)

6-Phosphogluconate dehydrogenase (1.1.1.44)

Superoxide dismutase (1.15.1.1)

Aat
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Figure 5. Normalized factor loadings of mean vectors for all nonfossil samples upon the first three varimax axes. Crosses are

C. blandi, squares C. lewisi, and dots C. regina. Island for C. regina identified as: S, South Caicos; E, East Caicos; M, "Middle"
Caicos; N, North Caicos; G, Grand Caicos; P, Providenciales; T, Grand Turk; LC, Long Cay of Turks Bank; SD, Sand Cay of

Turks Bank; R, island unknown. Convex polygons are drawn around all samples of C. lewisi, C. blandi, and C. regina from
South Caicos, East Caicos, Grand Caicos, Providenciales, and Grand Turk.

analysis becomes a chief tool in the in-

ductive study of constraints and adapta-
tion. But variation hes at too high a level

for such an interpretation here because the

differences "picked out" by the axes are

not dimensions of growth within a coher-

ent form, but the differentia of taxonomic
entities forced into the same analysis only
by historical contingencies of immigra-
tion. Thus, the factor scores of this analysis

are records of the basic morphological sep-

aration among taxa haphazardly assem-
bled by nature.

The high scores on the second axis all

record the chief distinguishing features of

its focal cluster, C. lewisi —the coordinat-

ed characters of a very slender shell

achieved by growing many whorls of nor-

mal size, not by whorls of unusual height.

The shell begins high (0.349 for proto-

conch height), but height of later whorls
do not score strongly. The most distinctive

character of slimness (height/width of

adult shell at 0.569) is achieved by growing
a large number of whorls (0.413), an ef-

ficient path to relative narrowness since
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Table 3. Factor scores for three-axis soli tion
(93.7% OF information) for all NONFOSSILSAM-

PLES.
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SD'

Figure 6. Normalized factor loadings for C. regina samples only. Symbols as in Figure 5.

gerated in Figure 6 because factor analysis

in varimax rotation tends to absorb
uniquenesses on separate axes. The dis-

tinctive features of Sand Cay are abstract-

ed by this axis; when plotted into mor-
phospaces that do not include this

dimension (as in Fig. 1), Sand Cay plots

near all other populations of the tapering

morphotype on Turks Bank.
The designation of Sand Cay's unique-

ness by an entire axis compresses all other

variation into the smaller space of two di-

mensions. Thus, to expand the portrayal

of normal-sized samples in the tapering

morphotype, we eliminated the Sand Cay
population and repeated the analysis, plot-

ting the triangular diagram as Figure 7.

Note that the ordering of normal-sized

samples is thereby spread out, but not in

any way altered (compare Figs. 6 and 7).

The basically linear array of South Caicos-

East Caicos-Grand Caicos-Providenciales

remains. This array is compressed into two
axes on Figure 6, but expanded to three

in Figure 7, as the sequence remains fixed

in second axis projections, while each is-

land now spreads out along the domains
of axis one and three.

The Sand Cay population bears, by
Clench's own decision (as curator of Mol-
lusks at the Museum of Comparative Zo-

ology), the name C. utowana abbotti, one
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Figure 7. Normalized factor loadings for all C. regina samples excluding the Sand Cay dwarfs. Open triangles are samples
designated C. utowana abbotti by Clench. The open square is the paratype sample of C. caicosense.

of the disputed ta.xa within the tapering

morphotype —so one might suspect the va-

hdity of this taxon on morphological
grounds. But three other samples desig-

nated by Clench as C. utowana abbotti,

including the paratypes from South Cai-

cos, plot (as we shall discuss in part C of

this section) at expected positions for their

islands within the tapering morphospace.
Sand Cay's uniqueness is a consequence of

its dwarfing —a simple alteration that pro-

vokes, via Cerions allometries, a large suite

of complex changes producing a large

overall excursion for the morphological

vector considered in toto (see Gould, 1984b;

Gould and Woodruff, 1986 for other mor-
phometric analyses of dwarfing in Ceri-

on).

The Sand Cay population is not the only

strongly dwarfed sample of the tapering

morphotype. A subfossil sample from South

Caicos (765) yields an even more distant

outlier attributable to dwarfing; (see Fig.

8 on the representation of all samples, in-

cluding the subfossils. Note that axes two
and three are reversed relative to Fig. 5,

but that the ordering of samples and clus-

ters is not altered). Note that the subfossil
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»SF
765

SF.-

•SF
•SF

.SO

Figure 8. Normalized factor loadings for all samples, now including fossils. Symbols as on Figure 5 withi the following additions

for fossils. SF, Soutfi Caicos fossils (note tfieir position adjacent to but outside the polygon of modern South Caicos samples);

TF, Grand Turk fossils; and SF765, smokestack dwarf fossils from South Caicos.

and Sand Cay dwarfs occupy outlying po-

sitions at the opposite ends of third axis

projections.

Fortunately, as the result of a prior study

in Cerion's dwarfing (Gould, 1984b), we
can identify the common basis in growth
and allometry of these apparently contra-

dictory morphological excursions in the two
dwarfed populations (see Gould, 1984b).

Axis three is the focus in Figure 8 for pen-

cil-thin Cerion lewisi. The subfossil dwarfs,

projecting as strongly on the third axis as

any C. lewisi sample, are verging towards

"smokestacks" in the terminology of Gould
(1984b) —that is, they become dwarfed by
restricting whorl size while growing a nor-

mal number of whorls. Since Cerion in-

creases in height but not in width as later

whorls are deposited, this style of dwarfing
adds height for a usual amount of coiling

to the narrow base of dwarfed whorl size,

producing a slender shell. But the Sand
Cay dwarfs are "double whammies" —that

is, dwarfs through the twin action of re-

duced whorl size and decreased whorl
number, leading to squatter than average
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Figure 9. Two distinct styles of dwarfing in C. regina, producing tfie major outliers in this species. Left: two specimens from

sample 765, South Caicos. Note relative thinning of these smokestack dwarfs with respect to the normal (central) specimen

from sample 756, South Caicos. Right: two specimens of Sand Cay dwarfs. Note relatively squatter shells of these "double

whammy" dwarfs compared with normal specimen. Leftmost dwarf is 19.1 mmhigh. Central specimen is 34.9 mmhigh.

shells through the suppression of whorls

that would add height without width. They
therefore plot at the opposite end of axis

3, the focus for high-spired C. lewisi. This

structural understanding of dwarfing and
its allometries resolves two issues: first, we
can interpret two apparently opposite di-

rections of morphological change as dif-

ferent consequences of the same triggering

phenomenon; second, we can accommo-
date two outlying samples as resolvable

expressions of the tapering morphotype,
not as taxonomic anomalies. Figure 9 por-

trays the unusual morphologies of the two
dwarfs. Note also (see appendix for more
details), the key mean values in the two

dwarfed samples for this interpretation.

The subfossil smokestack has (at 2.70) the

third largest height/width ratio among
South Caicos samples, and (at 7.2) a mean
whorl number only slightly below average.

The Sand Cay "double whammy" has (at

2.20) by far the squattest shell of Turks
Island forms, and (at 6.6) by far the small-

est number of whorls.

B) Covariances of the Tapering
Morphospace

The three axes of Figure 7 include 91.5%
of all information, distributed as 25.6 on

axis 1, 30.1 on axis 2, and 35.8 on axis 3.

Table 4 presents the matrix of factor scores
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for projections of variables upon these axes;

we shall discuss the associations by de-

creasing information content of axes.

Werecognize the third axis covariance

from its similar expression in Table 3. The
roughly equal projections for basic dimen-
sions of the adult shell identify this axis as

an expression of overall shell size (in Table
3, standardized whorl sizes covary with the

raw measures of final size. Here they do
not, reflecting the more common pattern

of non-association between these two sets

in Cerion).

Loadings of samples upon the third axis

(Fig. 7) affirm this interpretation. This axis

makes little distinction among islands, as

each island harbors populations spanning
a broad range of size. (Lability in size is

characteristic of Cerion. All previous au-

thors who sought biogeographic pattern

with standard techniques of uni- and bi-

variate biometry were misled, by the large

range of size within each region, to affirm

a lack of distinctness between regions (see,

for example, Hummelinck, 1940 and De-
Vries, 1974 on C. iwa, corrected by Gould,
1984a. Multivariate techniques have re-

vealed the basis in covariance sets for re-

gional differences easily obscured by large

variation in shell size). South Caicos sam-
ples, for example, span the entire range of

third axis loadings. The generally larger

shells of Grand Turk (45-lOOth percentile

among all samples for length, and 51 -86th
for width) are distinguished by their higher

loadings from the smaller shells of Provi-

denciales (20-53rd percentile for length,

15-44th for width).

The second axis is crucial to our inter-

pretation of the tapering morphotype, be-

cause it arrays each island in its own sub-

field, while ordering the Caicos islands in

proper geographic sequence (see next sub-

section where we use this fact as the key
for our taxonomic conclusion). Its covari-

ances (Table 4) record a single and sensible

pattern. Standardized whorl sizes are all

prominent with heights for protoconch and
fourth whorl (0.519 and 0.514) greater than

widths (0.398 and 0.207). The only other

Table 4. Matrix of factor scores for
three-axis solution of all c. recina samples

EXCLUDINGTHE SaNDCaY DWARFS.
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pressed in factor scores records a funda-
mental rule of Cerions growth, but one
that we have not detected so clearly in our

studies of northern Bahamian Cerion.

Consider the pattern in factor scores.

Shells begin with low protoconch heights

and average widths, yielding a relatively

flat nucleus (width/height ratio of the pro-

toconch scores maximally at 0.644). As the

shell approaches middle growth, superfi-

cial expectations are subverted. Despite the

initial advantage in width (still maintained
at the fourth whorl, with width/height ra-

tio scoring at 0.321), height asserts itself

more and more prominently as the shell

grows. Note the continual increase in scores

for successive heights: —0.144 for the pro-

toconch, —0.008 for the fourth whorl, and
0.307 for fourth-sixth whorl height. Thus,
early widths are correlated with later

heights (not later widths); or, in other words
(and now interpreting), shells that begin

quite flat compensate later by speeding up
growth in height, and height compensa-
tion increases continually during middle
growth.

Wehave noted this correlation of early

widths with later heights again and again

in our studies of land shells, not only in

Cerion (Gould and Woodruff, 1978, 1986),

but also in Poecilozonites (Gould, 1969b)

—

but its interpretation as compensation
(keeping final dimensions within a limited

range) had previously eluded us. Wede-

tect this pattern now because southern Ba-
hamian Cerion should record it better. All

Cerion with flat tops grow parallel-sided

(or even "^[dih-decreasing] shells later in

ontogeny, while shells that begin with a

triangular top tend to maintain a gentle

increase in width throughout growth. We
have called the chief morphotype of the

southern Bahamas "tapering" because most
populations maintain a basic triangularity

throughout growth. Yet the same tapering

morphotype also includes the most initially

flat-topped and later parallel-sided of all

Bahamian Cerion (C. malonei on Long
Island, populations of C. columna on Ina-

gua, though the phenomenon reaches its

extreme expression in species of the Cuban
C. dimidiattim complex). This transition

from triangular throughout growth to first

flat-topped and then parallel-sided rep-

resents the range of expression for this first-

axis covariance set. (We know, from a hy-

brid zone in Cuba, that direct transitions

along this gradient occur, see Galler and
Gould, 1979.) We had not detected this

pattern in the northern Bahamas because
the basic contrast between ribby and mot-
tled morphotypes in this region expresses

only a small segment of this range, while

the full spate lies recorded among popu-
lations of the tapering morphotype.

Wecan now understand how this com-
pensatory covariance orders populations of

the Turks and Caicos. As with variation iri

size (third axis), all islands display a large

range of loadings upon this axis, and few
inter-island distinctions can be made. But
Grand Turk samples are distinct in their

high protoconchs (low width/height ratio

from 2.04-2.33), while South Caicos pop-
ulations tend to be flat-topped (range of

2.26-2.60, with only 1 sample of 20 below
the maximal Grand Turk value of 2.33,

and eight of 20 above 2.50). Yet this initial

distinction is compensated in later growth
as the early flatness of South Caicos shells

engenders later exaggeration of height

—

for the final height/width ratios scarcely

differ (range of 2.49-2.63 for Grand Turk
and 2.44-2.78 for South Caicos).

C) A Taxonomic Decision: All Tapering
Populations Belong to the Single

Species, Cerion regina

The geographically localized and mor-
phometrically restricted C. blandi and C.

lewisi pose no taxonomic problems. They
are distinct, immigrant forms and merit

recognition as species (despite the hybrid-

ization of C. blandi with indigenous ta-

pering populations, a pervasive phenom-
enon among Cerion taxa).

The problem of the Turks and Caicos

Cerion fauna (both in the existing litera-

ture and in our morphometric data) cen-

ters upon widely varying populations of
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the indigenous tapering morphotype. Can
they all be gathered under one species, C.

regina by priority (and a lovely name as

"queen Cerion"), or have they differen-

tiated to an extent meriting taxonomic sub-

division? Three separate issues confront us:

the status of morphometric outliers (the

two dwarf samples), the validity of existing

names in the literature, and the order and
extent of morphometric variation among
our measured samples.

We have already shown (see p. 336)

that the dwarf samples, although morpho-
metrically distant from the major clusters,

are products of single transformations (and

their correlated effects) noted again and
again in dwarfed Cerion populations con-

tinuous with, and showing no sign of dif-

ferentiation from, adjacent populations of

normal size (Gould, 1984b; Gould and
Woodruff, 1986; Woodruff and Gould,

1980).

Four species names exist in the literature

for tapering forms from the Turks and
Caicos. Clench (1961) had already syn-

onymized the two Turks Island forms by
sinking C. incanoides Pilsbry and Vanatta,

1895 into C. regina Pilsbry and Vanatta,

1895. Wedo not challenge this decision.

Do paratype populations of the remain-
ing two species, C utowana abbotti and
C. caicosense, provide any evidence for

valid distinction? C. utowana abbotti is

easily dismissed by our morphometric evi-

dence. As Figure 7 demonstrates, we in-

clude three samples named C. utowana
abbotti by Clench (who described the tax-

on in 1961) —one from South Caicos (the

paratypes), one from East Caicos and one
from Long Cay on the Turks Bank. The
South and East Caicos samples plot within

the arrays of other samples from their is-

land named C. caicosense by Clench. We
have no other samples from Long Cay, but

Clench's C. utowana abbotti lies within

the morphospace of C. caicosense. Wemay
therefore synonymize C. utowana abbotti

into whatever status C. caicosense de-

serves.

The paratype sample of C. caicosense

(Fig. 7) lies at the periphery of the South
Caicos array (as formally designated taxa

so often do), but clearly not apart from it.

This population also has no claim for sep-

aration beyond its general membership in

the South Caicos field.

Wemust, finally, consider the tapering
morphospace itself (Fig. 7). The main ar-

gument for taxonomic distinction would
lie in the separation of the South Caicos
and Turks Island fields, for these are the

type areas of the two available taxa, C.

regina (Turks Island) and C. caicosense

(South Caicos). Indeed, in the full mor-
phospace of Figure 5, South Caicos lies as

far from Grand Turk as the other legiti-

mate taxa, C. blandi and C. lewisi, lie from
each other.

The key to a proper taxonomy for the

tapering morphotype lies in how samples
from the other islands fit into the mor-
phospace. If we find clear and separated
clusters representing the geographically
distinct Turks and Caicos banks, then we
might admit the two existing names at some
formal level. However, all representations

of the morphospaces (Figs. 5-8) show the

same pattern: populations from other is-

lands of the Caicos Bank fully and contin-

uously fill in the space between separated

South Caicos and Turks Island clusters. We
therefore find continuity in morphological
distribution over the entire recorded range
of the tapering morphotype, and no basis

for taxonomic distinctions on this account.

But the pattern of intermediacy also

speaks for unification through another as-

pect of its ordering. Our total array (Figs.

6 and 7) contains multiple samples from
four islands of the Caicos Bank —Provi-

denciales (3), Grand Caicos (3), East Cai-

cos (4) and South Caicos (16). A compar-
ison with the geography of islands (Fig. 1)

shows that each island occupies a discrete

part of the morphospace and, more im-
portantly, that the four domains are ar-

rayed in perfect geographical order from
South Caicos through East and Grand to

the most distant Providenciales (see Fig.

10). Moreover, the equally restricted mor-
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phological domain of Grand Turk lies

within this array.

We also know the basis in covariance

for this clinal distribution (see last subsec-

tion): an increase in size of standardized

early whorls towards Providenciales, with

height increasing more than width, lead-

ing from the relatively flat-topped popu-
lations of South Caicos to the more slender

and larger-whorled populations of Provi-

denciales (see Fig. 3). This cline (Fig. 10)

records standardized whorl sizes and their

consequences for shape, not adult shell size;

the Providenciales samples are, if any-

thing, slightly smaller in size than most
South Caicos populations, while each is-

land forms a large and nondistinctive array

for overall size (Grand Turk shells tend to

be large, but one sample lies below the

percentile means for adult length and
height among tapering samples). All Cai-

cos samples are therefore ordered by ge-

ography in a cline defined by a sensible

determinant of shape and its associated co-

variances.

Weused the same criterion of geograph-
ically ordered clinal distribution in mor-
phology to unite a set of morphologically
and geographically more distinct popula-
tions into the single species C. striatellum

from Hispaniola to the Virgin Islands

(Gould and Paull, 1977). For all these rea-

sons, we find no basis for anv taxonomic

distinctions within the tapering morpho-
type of the Turks and Caicos islands. We
therefore synonymize all previous taxa, and
recognize only C. regina as the appropri-

ate name for the indigenous Cerion of the

Turks and Caicos islands. The Cerion fau-

na of this geographic outlier of the south-

ern Bahamas therefore includes three

species, the native C. regina from all major
islands, and two restricted immigrants, C.

blandi from Salt Cay, Turks Bank, and C.

lewisi from several islands on the north-

western Caicos Bank. The indigenous

species belongs to the common morpho-
type of its general region, while the two
immigrants, both fortunately quite dis-

tinctive in morphology, have recognizable

sources on nearby Cuba.

D) Genetics

This taxonomic conclusion, based solely

on conchological and biogeographic data,

is strongly supported by our population

genetic survey. Although we cannot assess

the genetic status of C. blandi and C. lew-

isi, we can document the strong genetic

relatedness of C. regina from Providen-

ciales and South Caicos on the Caicos Bank
and Grand Turk on the Turks Bank.

Eight of the 16 genetically interpretable

loci were monomorphic in the 17 samples
studied: Crp, Es-1, Es-6, Ldh-2, Mdh-2,
Pgm-1, Pr-1, Sod-1. The frequency of the

various alleles at the seven polymorphic
loci are shown in Tables 5-7. Three loci

were diallelic {Gapd, Gpi, Pgm-2); 6Pgd
had three alleles, and three loci had up to

four alleles segregating {Es-2, Aat, and
Mdh-1). Data for acid and alkaline phos-

phatases are not reported as the results were
uninterpretable. Ldh-1 data are excluded
as only three samples (758-760) were stud-

ied; they share a common allele, a second

allele was segregating at 759-760, and a

third allele was detected at 760.

Tables 5-7 show that the Grand Turk
sample (766) is strikingly different from
the others in its level of genetic variability.

In contrast to the moderate levels of vari-

ation seen in all Caicos Bank samples the
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Table 5. Variation in aspartate aminotransferase and esterase-2 allele frequency.

Sample E.v-21 I £s-2' " Es-2"'>
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Table 6.
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Table 7. Variation in phosphoglucomutase-2 and 6-phosphogluconate dehydrogenase allele
frequency and in overall sample genetic variability.

Sample
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Figure 11. A dendrogram based on UPGMAclustering of 17

samples of Cerlon regina from Providenciales, South Caicos

and Grand Turk using the unbiased genetic distance (D) of Nei

( 1 978). Samples are identified according to their locality number
and geographic location (PROVO = Providenciales; Worth,

South, East, West).

branch-point estimates exceeds the D val-

ue itself; no great biological significance

can be placed on the subclustering in Fig-

ure 11. Notwithstanding this caution, we
immediately note two interesting aspects

of clustering in the 17 samples. The first

is that the Providenciales samples are

embedded in the South Caicos cluster.

Samples 770 and 772 from the north (bank-

edge) and south (bank-interior) coasts of

Providenciales are genetically indistin-

guishable from samples from South Caicos.

Most interestingly, these two samples clus-

ter with the biogeographically equivalent

groups on South Caicos, i.e., 770 with the

northeastern bank-edge group, 772 with

the southwestern bank-interior group. (This

within island patterning will be discussed

in more detail in section VII.) The second
significant result in Figure 11 involves

Grand Turk (766): Cerioii on this isolated

island bank are indistinguishable from
those of the Caicos Bank. The only dis-

tinction (manifest as D = 0.01) stems di-

rectly from the fact that Grand Turk's snails

are fixed for the common alleles on the

Caicos Bank. There is thus no genetic evi-

dence to support the recognition of C. cai-

cosense as a separate species. Again, no
special significance can be placed on spe-

cific branch-points at this level of differ-

entiation so the clustering of sample 766
with sample 749 (southwest South Caicos)

does not indicate that the Turks Bank pop-
ulations were founded by this Caicos pop-
ulation. In fact, individual snails homo-
zygous at all variable loci for the same
alleles that are fixed on Grand Turk occur
in every one of the South Caicos and Prov-

idenciales samples.

The genetic data therefore lead to the

following conclusions. C. regina is a typ-

ical amphimictic species. Despite frag-

mentation of populations today on two is-

land banks separated by the 32 km wide
Turks Island Passage there is no evidence
of genetic differentiation. Similarly, the

populations on Providenciales and South
Caicos, presumably continuous a few thou-

sand years ago but separated today by
about 100 km of water, are genetically

indistinguishable. Such low levels of ge-

netic differentiation are typical of other

known species of Cerion and of conspecific

populations generally.

F) A Note on Minor Axes and General
Geometry

Wehave seen that the major axes of our

factor analyses sort the islands into discrete

groups and order them into a clinal array

that supports the unification of all popu-
lations into the single species Cerion re-

gina.

We have argued in previous works
(Gould and Woodruff, 1978, 1986 in par-

ticular) that minor axes should not be ig-

nored, for they may display significant bi-

ological information based on few variables

in few samples (even if statistically "insig-

nificant" in another, technical sense of the

word). In the C. regina morphospace, most
minor axes yield no general interpretation,

for they capture only the peculiarities of
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single samples for single measures. But the

fourth axis, carrying some 10% of infor-

mation, displays a coherent and interesting

aspect of covariance well known from all

our Cerion studies. Note, in Table 8, that

three of the highest scores form a well-

known covariance set based on whorl num-
ber and its consequences for shape —many
whorls (0.390) produce a high (0.225), not

a wide (0.012), shell because later whorls,

in the second allometric phase, add height

but little or no width, leading to large

height/width ratio of the adult shell

(0.416).

If we now consider the two highest neg-

ative scores, we note standardized whorl
sizes of the early shell —fourth whorl width
at —0.277 and fourth to sixth whorl height

at —0.248. This negative association is the

pervasive constraint —we call it the con-

straint covariance —that we have identi-

fied in all Cerion studies (see particularly

Gould and Paull, 1977; Gould and Wood-
ruff, 1978). If a shell begins by growing
larger than average whorls, it will neces-

sarily grow fewer of them to reach the

same final size. Thus, when final sizes fall

in a limited range, we find negative as-

sociations between whorl numbers and
measures of standardized whorl sizes. This

constraint holds particular interest because
it imposes forced correlations for basic

shape as well. The shell with small and
many whorls will be slender and parallel-

sided, while the alternative with fewer,

larger whorls will be squatter and contin-

ually increasing in width. These forced

correlations arise because shells, in the sec-

ond allometric phase, add height but little

or no width. The more whorls added in

this phase, the more slender the adult shell

(Gould, 1984b).

Whenwe plot (Fig. 12) all samples onto
this constraint axis, we note a different

pattern. High values do not mark any geo-

graphic location, but rather pluck out a

sample or two from each major place; the

five highest loadings include two for East

Caicos and one each for Grand Caicos,

Providenciales and Grand Turk. (Two East

1.
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Figure 12. Loadings of mean vectors for C. regina samples upon first and fourth axes. Symbols as in Figure 5 except Caicos
Bank samples are dots and Turks Bank samples are crosses. Note that the fourth axis, expressing the geometrically necessary
negative covariation of whorl size and whorl number, does not identify any particular region, but isolates a few samples from
several regions.

South Caicos, within their own morpho-
space. Wehave shown (both here and in

all our Cerion studies of other island

groups) that geographic variation within

islands also displays ordered pattern rather

than random arrays. (Thus, older claims

for crazy-quilt distributions are false at all

levels —from the highest of ta.xonomic sep-

aration between major banks to the finest

of minor differentiation within single taxa

on single islands.) Wehave found repeated
order based on recurrent habitat (Gould,
1984a on windswept platforms versus se-

cluded valleys, and on limestone or vol-

canic substrates in C. uva), and on simple
geographic contiguity [distinction of

Treasure Cay samples of C. bendalli on

Abaco (Gould and Woodruff, 1978); or of

offlying cay populations of C. glans on
New Providence (Gould and Woodruff,
1986)]. Wenow report a similar coherence
for tapering samples on South Caicos as

well.

The five-axis solution for South Caicos

samples seems to capture all important di-

mensions of covariance, with no subse-

quent axis including even one percent of

information. We plot, as Figure 14, the

loadings of all South Caicos samples (ex-

cluding the subfossil dwarf outlier, 765,

discussed earlier) upon the two axes ex-

plaining most information (axis 1 at 37.9%
and 3 at 23.9%; no other axis exceeds 15%).

A comparison of these loadings with geo-
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8). All high scores on the second axis fit

this interpretation [initial flatness (width/

height ratio of the protoconch at 0.638),

followed by compensatory height (fourth

whorl height at 0.473, and last whorl height

FA at 0.346), leading to a high-spired shell

(final height/width ratio at 0.409)].

The third a.xis (23.9%), the other major
basis of sensible distinctions among South

Caicos samples, captures another aspect of

this key covariance in shape. Initial flat-

ness, this time of both protoconch (mea-

sure 19 at 0.330) and fourth whorl (mea-

sure 20 at 0.308), is compensated by
continually increasing assertion of stan-

dardized height (smooth increase of scores

for measures 6-8 from -0.209 to -0.124

to 0.052). In addition (and if related by
developmental architecture, we do not

know how), we find correlated high scores

for the three measures of accentuated

change of shape in the adult aperture, the

third allometric phase of Cerion (apertural

rotation, measure 14, at 0.312; apertural

tilt, measure 17, at 0.486; and umbilical

width, measure 10, increasing as the ap-

erture tilts away, at 0.427). Thus, samples
with high loadings on this axis have strong

apertures and flattened tops, followed by
later compensatory growth in height. This

distinction sets the primary contrast be-

tween northern and southern samples on
South Caicos.

The fourth and fifth axes (14.7 and 6.6%
of information) do not make broad geo-

graphic distinctions among samples. Both
emphasize the standardized sizes of early

whorls in their covariances, and we find,

as we have before (see Gould and Paull,

1977, for example), a contrast between
heights (fourth axis) and widths (fifth axis).

Other high scores associate sensibly with

these standardized sizes according to the

principal constraint that we have identi-

fied in Cerion (discussed in section VI E):

under limitations upon final shell size, large

early whorls imply fewer total whorls,

leading to forced correlations in final shape,

especially the building of greater height

along the many and small whorled path-

ways. Note the negative association of

whorl number (
—0.365) and final height/

width ratio (
—0.397) with high scores for

standardized heights (0.306 for fourth

whorl, 0.233 for fourth to sixth whorl) on
axis 4. The same pattern repeats on the

fifth axis, where strong standardized widths

(0.156 for the protoconch, 0.320 for the

fourth whorl) associate negatively with

whorl number (—0.133), final height/width

ratio (
—0.448), and also yield in this case,

a flattened top produced by the strong ear-

ly widths (unmatched by heights): 0.235

for width/height of protoconch, and 0.416

for width/height at the fourth whorl.

The triangular, three axis solution col-

lapses this covariance by amalgamating
general size with one aspect of the key

shape covariance (the flat-top later-height

principle) on the first axis (now 55.8% of

information), according (as in the 5-axis

solution) another aspect of this key shape

covariance to the second axis (now 19.2%),

and joining the fourth and fifth axes into

a single axis (the third at 17.5%) by incor-

porating both standardized heights and
widths, and recording the chief constraint

of negative interaction between large early

sizes and few total whorls. These covari-

ances are expressed in Table 10. This ar-

rangement divides the determinants of

form within the South Caicos morpho-
space into its three major principles —size

on the first axis, the major covariance de-

termining variation in shape on the second

(the compensation of initial flatness by lat-

er growth in height), and the major con-

straint forcing correlations among char-

acters on the third (negative association

between whorl size and whorl number un-

der limitations upon the range of final shell

size)

The triangular plot of sample loadings

(Fig. 16) makes the same distinctions as

Figure 14, with tighter clustering around

the now more dominant first axis, and
greater separation of the C. caicosense

paratypes on the second axis, and the in-

terior samples (762-763) on the third. This

figure also records an important point about
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Table 10. Scores of three-axis solution for
South Caicos samples.
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Figure 16. Loadings for South Caicos samples on first three varimax axes. Symbols as on Figure 14.

slightly elevated levels of genetic vari-

ability (P, H) and are frequently charac-

terized by the segregation of rare or unique
alleles at frequencies far higher than those

seen in homospecific populations (Wood-
ruff, 1981). In addition, several step clines

in allele frequencies are associated with

the hybrid zone. The pattern of clinal vari-

ation (bank-edge to bank-interior coasts)

of several alleles on New Providence
{6Pgd'\ Es-2''^, Pgm-2'-) is, in fact, quite

similar to that seen on South Caicos and
Providenciales. The obvious question aris-

ing from the similarities of New Provi-

dence and South Caicos is whether today's

South Caicos populations represent the

legacy of a historical interaction between
two species? Has the evidence for a former
bank-interior species all but disappeared

on this smaller island?

If the Caicos Bank had been originally

occupied by a bank-edge and a bank-in-

terior species comparable to those seen on
the Great Bahama Bank and the Little Ba-

hama Bank islands, we would make two
predictions about the situation on South
Caicos based on our earlier work. First,

the island is too small for genetically "pure
"

populations of the interior taxon to endure.

All living populations are found within 7

km of the bank-edge and will therefore be

introgressed to varying degrees. Present
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island size limits our ability to examine this

prediction. Nevertheless, additional col-

lecting on bank-interior coasts of North
Caicos, Grand Caicos and East Caicos

might illuminate this issue as such popu-
lations live > 10 km from the modern bank-

edge coasts. Second, we would predict that

the populations furthest from the bank-

edge coasts will show more evidence for

hybridity than those at the coast. Such in-

terior populations as 764 and 762 might
show elevated levels of P or H, increased

heterozygote deficiency or excess, or higher

frequencies of rare or unique alleles. There
is, however, no evidence for consistent

geographic trends in F, H, or departure

from random mating. Onl\ in the case of

the rare allele phenomenon are the interior

populations at all unusual. Unexpected al-

leles were, in fact, detected in samples 764
and 762 at Aflf" ', £s-2", £s-2' -, and 6Pgd"^
at frequencies of 0.02-0.05. Additional rare

alleles occurred at 759-761 , sites which are

also geographical!) intermediate between
the bank-edge and the bank-interior coasts:

Pgm-2'\ Mdh-V\ Aaf'\ Two of these rare

alleles (6Pgd'"^ and £.s-2' ') were also de-

tected on Providenciales in sample 772
from the southern bank-interior coast.

These rare alleles may be a legacy of a

former hybrid zone —that is, they may
constitute the genetic anomaly seen in oth-

er Cerion hybrid zones. Alternatively, these

currently rare alleles may once have oc-

curred at higher frequencies in the con-

specific bank-interior populations of C. re-

gina that until a few thousand years ago
occupied an area 20 times as extensive as

today's islands.

These hints of genetic vestiges for

another taxon within C. regina are intrigu-

ing (see final section), but do not alter our

conclusion that all indigenous Cerion so

far collected in the Turks and Caicos (ex-

cluding the recent immigrants C. blandi

and C. lewisi) belong to the single species

C. regina. Interspecific hybridization is so

rampant in Cerion (Woodruff and Gould,
1987) that most widespread species of Cer-

ion probably maintain, at least in parts of

their range, introgressed genetic material

of other taxa. When these introgressed

contributions are minor and, especially (as

here) when they are associated with no
morphological expression of intermediacy,

we must retain the name of the dominant
component.

We faced the same problem in deter-

mining the proper name of the mottled

morphotvpe on New Providence Island

(Gould and Woodruff, 1986). C. giiber-

natorium, the oldest name, was originally

given to populations that contain "phan-
tom" genes of C. agassizi, a prominent
fossil taxon now extinct on New Provi-

dence, but still living on the adjacent is-

lands of Cat and Eleuthera (and also hy-

bridizing with mottled Cerion in both

places). Despite these genetic "phantoms,"
and some morphological remnant of C.

agassizi as well, we accepted C. guber-

natorium as the correct name for all mot-
tled Cerion of New Providence because

the C. agassizi signature in these popula-

tions is so small relative to the morpholog-
ical and genetic expression of ordinary (and

abundant) mottled Cerion. The evidence

for phantoms of another taxon within some
samples of C. regina is far weaker, and
shall not alter our taxonomic conclusion

that all known Turks and Caicos samples

of the tapering morphotype belong to the

single species, C. regina. We must, how-
ever, bear in mind w hat is no longer only

the intriguing possibility, but by now the

established fact that important features of

geographic variability w ithin many Ceri-

on taxa are the product of introgression,

not simple local adaptation.

VIII. Level Four: Covariation Within

Samples

Variation in average form among sam-
ples (treated in all previous sections), and
differences among organisms within a

population, are so fundamentally distinct

in concept that we anticipate no necessary

relationship between their patterns. Yet all

Cerion species grow with the same allom-

etries (despite enormous differences in
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Table 11. Scores for five- axis solution of specimens within sample 753.

Measure
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whorls under conditions of restricted range

in adult size. Intermediate standardized

whorl sizes score highly (fourth width and
height at 0.387 and 0.205, and fourth to

sixth height at 0.365). These large whorls

imply fewer total whorls (
—0.216), with

the usual consequence of squatter adult

shells, since later whorls add relatively

more height than width (height/width ra-

tio of adult shell at -0.140).

The second axis primarily records whorl

number (
—0.402) and its consequences in

shape for a high, but not wide, shell

(-0.314 for height, -0.109 for width, since

later whorls add relatively more height

than width), and final shape (height/ width

ratio at —0.344). This primary association

also brings along, as on axis 1, the forced

negative covariances with standardized

whorl sizes (0.166 for fourth width, 0.168

for fourth height, 0.178 for fourth to sixth

height).

The highest scores on the third axis are

for early standardized heights (0.539 for

the protoconch, 0.408 for the fourth whorl),

with protoconch width also scoring at

0.240. Wedo not understand the basis for

associated high scores of umbilicus (0.320)

and density of ribbing (0.358).

The smaller fourth and fifth axes express

different aspects of the third allometric

phase that builds Cerions aperture. The
fourth axis records its two highest scores

for measures of intensity in the change of

orientation made by the growing edge be-

fore it deposits the definitive adult aper-

ture (0.476 for apertural rotation, 0.435 for

tilt). The fifth axis records the size of the

expanded apertural mouth (0.443 and
0.317 for apertural height and width, as-

sociated with negative values for the pen-

ultimate whorl heights overgrown by this

expansion, —0.245 and —0.352 for mea-
sures 16 and 17).

In summary, each axis makes sense in

terms of both the general geometry of shell

coiling (the whorl size versus whorl num-
ber principle for example), and the pe-

culiarities of Cerions own universal pat-

tern of growth (the apertural changes at

adulthood, and the allometric compensa-
tion of flat top by later height, for exam-
ple). We find interesting similarities and
differences with patterns of covariation at

the between-sample levels considered ear-

lier. Dominating the within-sample sys-

tem, we find two covariance sets that also

regulate variation among mean vectors of

C. regina samples —the compensatory
shape covariance (setting axis one here),

and the negative interaction of whorl size

and number (expressed on both first and
second axes). Most different from be-

tween-sample patterns are the greater

strength of these two covariance sets, and
absence of the general size factor that

played an important role at all higher

levels. Interestingly, these two differences

are causally related. The size factor is ab-

sent here for the simple reason that size

varies little among adults within most pop-

ulations (length ranges from 27.0 to 34.0

mmin this sample), but greatly in mean
values among populations (see appendix).

The constraint covariance (whorl size ver-

sus whorl number) only operates when size

ranges are small and restricted (see Gould
and Paull, 1977 for quantitative demon-
stration) —for if adult size is free to vary,

then large early whorls need not be com-
pensated by growing fewer whorls to reach

a limited final size.

To assess the generality of these within-

sample covariances across taxa, we pre-

sent, as Table 12, factor scores for the four

large and interpretable axes (90.9% of in-

formation) of a C. lewisi sample (No.

221564, see appendix). The axes are re-

markably similar to those noted just above
in C. regina. High scores on the first axis

emphasize C. lewisVs chief character of

many whorls and its consequence for slen-

der shape (0.484 for whorl number, 0.323

for adult height, with adult width much
less at 0.170, and 0.281 for height/width

ratio of the adult shell). But we also note

the constraint covariance, operating on this

axis in the negative scores for standardized

whorl sizes (
—0.104 and —0.099 for pro-

toconch and fourth width; —0.203 and
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Table 12. Scores for four-axis solution of specimens within a sample of C. lewisi.

NU'asiirf
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covariance appears more strongly in these

within-sample patterns because it only op-

erates when the range of final size is lim-

ited. In both samples, we also find sensible

associations for measures of the aperture

and standardized whorl sizes. Webelieve

that we are here looking through a glass

not so darkly at the general rules of growth
within Cerion.

IX. Conclusion and Prospect

This work begins the second half of our

long-term project to revise the Bahamian
Cerion in the light of new data and con-

temporary concepts of evolution. It is our

initial study, following our strategy of be-

ginning with geographic outliers that

maintain low diversity, of Cerion faunas

in the southeastern Bahamas—a group of

species different from those of Great and
Little Bahama banks, the subjects of our
previous work. We will move from here

to the complexity of the largest island.

Great Inagua, where more taxa (about 20)

have been designated, and at least three

widespread indigenous species actually ex-

ist.

A close relative of C. regina inhabits the

long bank-edge northern coast of Great
Inagua. But Inagua is big and diverse

enough to maintain other indigenous Ceri-

on species —including the vast populations

of the island interior and bank-interior

coasts (now called C. rubicund um and C.

dalli, but probably belonging to a single

species), and the widespread dwarfed C.

(Umbonis) that lives in true sympatry (the

first unambiguousK recorded case in the

entire genus Cerion) with both bank-edge
and interior species. The small islands

that we studied in the Turks and Caicos
maintain only the bank-edge species as a

widespread, indigenous form —but they
permit us, by extension, to grasp the great-

er complexity of Inagua.

It is often said of historical sciences like

ours (said, that is, by those who would de-

grade our activity, or bar us completely
from the realm of science) that we traffic

only in the narrative description of par-

ticulars and that we never predict or de-

rive any generalities worthy of the name.
Narrative must be treasured in its own right

(for it can be every bit as factual as any-

thing in science), but science must aspire

to more —as historical science does, despite

the caricatured dismissal outlined above.

The complexities and contingencies of

history do preclude detailed prediction of

future events, but prediction of this sort

does not lie within our domain. Yet his-

torical scientists work with a sort of pre-

diction all the time —of events that have
happened but have not yet been revealed

by evidence, or of current situations in-

ferred but not yet validated. In this essen-

tial component of generalization, natural

historians work like all scientists.

Yet many of our subjects are so resolut-

ely particular that we cannot proceed be-

yond simple narrative; thus, we must seek

and exploit those situations of sufficient

repetition to permit the apprehension of

general pattern within the particulars. The
attraction of Cerion lies in its central source

of both narrative and generality —its over-

whelming diversity, repeated in all ways
that we can stud\ : morphologically, ge-

netically, biogeographically, ecologically.

Thus, we feel that we can creep to the

end of an inferential limb and predict

(based on genetic hints) that a second in-

digenous, geographically interior taxon

may still persist (either as relatively pure
populations or as substantial introgressed

contributions to C. regina) in the centers

of large islands on the Caicos Bank. We
say this for two reasons: first, we have
traced central distinctions between bank-

edge and interior taxa on many other is-

lands; second, we can often document the

disappearance of the interior taxon on small

islands that are, so to speak, "all" bank-

edge, while the interior taxon persists on
adjacent larger islands (for example, both

bank-edge and interior Cerion live on

Great Exuma, but only the bank-edge
species on all the small adjacent cays). We
also predict (based on repeated pattern

from nearby Great Inagua), that should
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this interior taxon be found, it will bear a

smaller, thinner and more mottled shell

than typical C. regina (we base this infer-

ence on the bank-edge versus interior dis-

tinction on all other islands, and particu-

larly on the Inaguan separation between
interior C. rubicunduin and C. columna,
the bank-edge analog of C. regina).

Likewise, our studies of allometry and
ontogenetic covariance provide a basis for

ordering variation within species (and often

between hybridizing taxa) in a sensible

way. The patterns dictated by what we
have called the constraint and compen-
satory covariances are sensibly interpreted

as necessary outcomes of Cerion s basic

ontogeny; they then determine the cor-

related consequences of any primary
change in size or shape. And they occur

over and over again in predictable man-
ners and circumstances.

We find it intellectually satisfying that

the primary component of narrative

—

Cerion s buzzing and blooming outpour-

ing of diversity —also becomes raw ma-
terial for the repetitions that science re-

quires for discussing general pattern. As
great naturalists (G. E. Hutchinson, for ex-

ample) exemplify by their life and work,
exultation and explanation are comple-
mentary aspects of nature and its impact
upon our minds.
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Appendix: Matrix of means for all samples.*
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Appendix: Continued.

10

UMBWID



362 Bulletin Museum of Comparative Zoology, Vol. 151, No. 6

Appendix: Continued.
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